Neural coding of image structure and contrast polarity of Cartesian, hyperbolic and polar gratings in the primary and secondary visual cortex of the tree shrew by Poirot, Jordan et al.
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$EVWUDFW
:HFRPSUHKHQVLYHO\FKDUDFWHUL]HVSLNLQJDQGYLVXDOHYRNHGSRWHQWLDO9(3DFWLYLW\LQWUHH
VKUHZ 9 DQG 9 XVLQJ &DUWHVLDQ K\SHUEROLF DQG SRODU JUDWLQJV  1HXUDO VHOHFWLYLW\ WR
VWUXFWXUH RI &DUWHVLDQ JUDWLQJV ZDV KLJKHU WKDQ RWKHU JUDWLQJ FODVVHV LQ ERWK YLVXDO DUHDV
)URP9WR9VWUXFWXUHVHOHFWLYLW\RIVSLNLQJDFWLYLW\LQFUHDVHGZKLOHFRUUHVSRQGLQJ9(3
YDOXHVWHQGHGWRGHFUHDVHVXJJHVWLQJWKDWVLQJOHQHXURQFRGLQJRI&DUWHVLDQJUDWLQJDWWULEXWHV
LPSURYHGZKLOHWKHFRUWLFDOFROXPQDURUJDQL]DWLRQRIWKHVHQHXURQVEHFDPHOHVVSUHFLVHIURP
9WR9:HREVHUYHGWKDWQHXURQVLQ9JHQHUDOO\H[KLELWHGVLPLODUVHOHFWLYLW\IRUSRODU
DQG&DUWHVLDQ JUDWLQJV VXJJHVWLQJ WKDW VWUXFWXUH RI SRODUOLNH VWLPXOLPLJKW EH HQFRGHG DV
HDUO\DVLQ9 7KLVK\SRWKHVLVLVVXSSRUWHGE\WKHSUHIHUHQFHVKLIWIURP9WR9WRZDUG
SRODUJUDWLQJVRIKLJKHUVSDWLDOIUHTXHQF\FRQVLVWHQWZLWKWKHQRWLRQWKDW9QHXURQVHQFRGH
YLVXDOVFHQHERUGHUVDQGFRQWRXUV1HXUDOVHQVLWLYLW\WRPRGXODWLRQVRISRODULW\RIK\SHUEROLF
JUDWLQJVZDVKLJKHVWDPRQJDOOJUDWLQJFODVVHVDQGFORVHO\UHODWHGWRWKHYLVXDOUHFHSWLYHILHOG
5) RUJDQL]DWLRQ RI 21 DQG 2)) GRPLQDWHG VXEUHJLRQV  :H VKRZ WKDW VSDWLDO 5)
UHFRQVWUXFWLRQVGHSHQGVWURQJO\RQJUDWLQJFODVVVXJJHVWLQJWKDWLQWUDFRUWLFDOFRQWULEXWLRQVWR
5) VWUXFWXUH DUH VWURQJHVW IRU &DUWHVLDQ DQG SRODU JUDWLQJV  +\SHUEROLF JUDWLQJV WHQG WR
UHFUXLW OHDVW FRUWLFDO HODERUDWLRQ VXFK WKDW WKH 5) PDSV DUH VLPLODU WR WKRVH JHQHUDWHG E\
VSDUVHQRLVHZKLFKPRVWFORVHO\DSSUR[LPDWHIHHGIRUZDUGLQSXWV2XUILQGLQJVFRPSOHPHQW
SUHYLRXV OLWHUDWXUH LQSULPDWHV URGHQWVDQGFDUQLYRUHVDQGKLJKOLJKWQRYHODVSHFWVRI VKDSH
UHSUHVHQWDWLRQDQGFRGLQJRFFXUULQJLQPDPPDOLDQHDUO\YLVXDOFRUWH[
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,QWURGXFWLRQ
7UHH VKUHZV DUH VPDOO GD\ DFWLYH PDPPDOV (PPRQV  EHORQJLQJ WR WKH RUGHU RI
Scandentia  7KH\ DUH FRQVLGHUHG WR EH WKH FORVHVW OLYLQJ UHODWLYHV RI SULPDWHV )DQ HW DO
 3HWUX]]LHOOR HW DO  DQG PD\ LQ IDFW UHVHPEOH WKH DQFHVWRU RI DOO SODFHQWDO
PDPPDOV WKDW OLYHG RYHU  PLOOLRQ \HDUV DJR 2
/HDU\ HW DO   5HFHQW ZRUN KDV
KLJKOLJKWHG D FORVH FRUUHVSRQGHQFHEHWZHHQ WUHH VKUHZDQGPDFDTXHSULPDU\YLVXDO FRUWH[
9 LQ WKH DUHDV RI WHPSRUDO QHXUDO HQWUDLQPHQW 9HLW HW DO :LOOLDPV HW DO 
DSSDUHQWGRPLQDQFHRIOLJKWGHFUHPHQWUHVSRQVHV9HLWHWDO;LQJHWDO<HKHW
DODDVZHOODVVXEILHOGRYHUODSDQGJHQHUDWLRQRIRULHQWDWLRQVHOHFWLYLW\9DQ+RRVHUHW
DO  9HLW HW DO   7KHVH IXQFWLRQDO KRPRORJLHV KDYH EHHQ HVWDEOLVKHG XVLQJ
FRQYHQWLRQDO VWLPXOXV VHWV LH VSDUVH QRLVH DQG RULHQWHG EDUV RU JUDWLQJV  +RZHYHU
FRQYHUJLQJ HYLGHQFH VXJJHVWV WKDW PDFDTXH HDUO\ YLVXDO FRUWH[ DOVR HQFRGHV LQIRUPDWLRQ
DERXWPRUHFRPSOH[YLVXDOIRUPVLQFOXGLQJQDWXUDOLPDJHV$\]HQVKWDWHWDO)UHHPDQ
HWDODVZHOODVSDUDPHWULFDOO\JHQHUDWHGVWLPXOLVXFKDV+HUPLWHIXQFWLRQV9LFWRUHW
DORUQRQ&DUWHVLDQJUDWLQJV'DYLGHWDO*DOODQWHWDO*DOODQWHWDO
+HJGHDQG9DQ(VVHQ0DKRQDQG'H9DORLV$PRWLYDWLRQIRUWKHSUHVHQW
VWXG\ZDVWRH[DPLQHWXQLQJSURSHUWLHVWRVXFKQRQFRQYHQWLRQDOYLVXDOVWLPXOLLQWUHHVKUHZ
HDUO\ YLVXDO FRUWH[ :H FKRVH WR XVH QRQ&DUWHVLDQ JUDWLQJV EHFDXVH WKH\ KDYH EHHQ
SUHYLRXVO\XVHGLQVHYHUDOVWXGLHVLQWKHPDFDTXHDQGEHFDXVHWKH\FROOHFWLYHO\DSSUR[LPDWH
VRPH RI WKH ULFK FRPSOH[LW\ RI QDWXUDO LPDJHV ZKLOH RIIHULQJ WKH DGYDQWDJH RI VWLPXOXV
RUWKRJRQDOLW\DOORZLQJ WKH UHFRQVWUXFWLRQRI VSDWLDO DVSHFWVRI WKH UHFHSWLYHILHOG  ,IYLVXDO
FRUWLFDO QHXURQV DFWHG DV OLQHDU ILOWHUV WKH UHFRQVWUXFWHG UHFHSWLYH ILHOGV 5)V VKRXOG QRW
GHSHQG RQ JUDWLQJ FODVV DQG UHIOHFW RQO\ WKH FKDUDFWHULVWLFV RI WKH IHHGIRUZDUG LQSXW
*UDWLQJFODVV GHSHQGHQFH RI 5) UHFRQVWUXFWLRQV PD\ WKXV UHIOHFW QRQOLQHDU FRUWLFDO VLJQDO
SURFHVVLQJZKLFKLVUHFUXLWHGGLIIHUHQWLDOO\E\JUDWLQJFODVV7RDVVHVVWKHGHJUHHRIFRUWLFDO
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5)HODERUDWLRQZHFRPSDUHGWKHUHFRQVWUXFWLRQVIRUHDFKJUDWLQJFODVVWRWKDWREWDLQHGZLWK
VSDUVHQRLVH'XHWRWKHQDWXUHRIWKHVSDUVHQRLVHVWLPXOXVZKLFKLVFRPSRVHGRIVSDWLDOO\
LVRODWHG OLJKW PRGXODWLRQV WKH FRUUHVSRQGLQJ 5) PDSV DUH WKRXJKW WR SULPDULO\ UHIOHFW
IHHGIRUZDUG LQSXWV LH IURPYLVXDO WKDODPXV LQ9DQGIURP9LQ9 6SDUVHQRLVH5)
PDSV FDQ WKXV VHUYH DV D EDVHOLQH IRU DVVHVVLQJ FRUWLFDO FRQWULEXWLRQV WR 5) VWUXFWXUH
JHQHUDWHGE\WKHGLIIHUHQWJUDWLQJFODVVHV
(YHQWKRXJKWUHHVKUHZ9UHFHSWLYHILHOGVWHQGWRH[KLELWDODUJHGHJUHHRIRYHUODSEHWZHHQ
ZKLWHDQGEODFNUHVSRQVLYHVXEILHOGVWKHSUHYDOHQWEODFNGRPLQDQFHUHQGHUVQHXURQVKLJKO\
VHQVLWLYHWRWKHVSDWLDOSKDVHRI&DUWHVLDQJUDWLQJV9DQ+RRVHUHWDO9HLWHWDO
1RWH WKDW WKH YDULDWLRQ RI VSDWLDO SKDVH KDV GLVWLQFW HIIHFWV GHSHQGLQJ RQ JUDWLQJ FODVV
UHVXOWLQJ LQ WUDQVODWLRQ URWDWLRQ DQG H[SDQVLRQFRQWUDFWLRQ IRU &DUWHVLDQ UDGLDOSRODU DQG
K\SHUEROLFFRQFHQWULFSRODUJUDWLQJVUHVSHFWLYHO\)RUDOOJUDWLQJFODVVHVYDULDWLRQVLQVSDWLDO
SKDVHJHQHUDOO\UHVXOW LQDVSDWLDOVKLIWRIERXQGDULHVDQGJUDGLHQWVEHWZHHQZKLWHDQGGDUN
LPDJH SDWFKHVZLWK WKH H[FHSWLRQ RI  SKDVHPRGXODWLRQV  6SDWLDO SKDVH UHYHUVDOV E\
 FRUUHVSRQG WR SRODULW\ LQYHUVLRQ RI WKH VWLPXOXV DQG DUH WKXV VSHFLDO EHFDXVH WKH\
SUHVHUYH WKH VWUXFWXUH LH ORFDO FRQWUDVW RI WKH JUDWLQJ ZKLOH H[FKDQJLQJ WKH ORFDWLRQ RI
ZKLWHDQGGDUNSDWFKHV,QFRQVWUXFWLQJRXUVWLPXOXVVHWZHJHQHUDWHGDQXPEHURIJUDWLQJ
VWUXFWXUHV IRU HDFK FODVV ZLWK YDU\LQJ VSDWLDO IUHTXHQF\ RULHQWDWLRQ DV ZHOO DV  VSDWLDO
SKDVHPRGXODWLRQVHDFKRIZKLFKZDVSUHVHQWHGDWWZRSRODULWLHV 2XUVWXG\WKXVDOORZVD
V\VWHPDWLF LQYHVWLJDWLRQ RI KRZ VWLPXOXV SRODULW\ LPSDFWV QHXUDO UHVSRQVHV LQ HDUO\ YLVXDO
FRUWH[ ZKHUHDV SUHYLRXV ZRUN KDV HLWKHU XVHG PRYLQJ VWLPXOL ZKLFK \LHOGV DYHUDJHG
UHVSRQVHVDFURVVVSDWLDOSKDVHVRUHVWLPDWHVEDVHGRQDVLQJOHSRODULW\
,Q WKH WUHH VKUHZ 9 LV SDUW RI D KLJKO\ GHYHORSHG DQG GLIIHUHQWLDWHG YLVXDO V\VWHP
)LW]SDWULFN  WKDW DOVR LQFOXGHV VHFRQGDU\ YLVXDO FRUWH[ 9 DV ZHOO DV D YHQWUDO
SURFHVVLQJ VWUHDP FRPSRVHG RI VHYHUDO KLJKHU OHYHO YLVXDO VWUXFWXUHV 6HVPD HW DO 
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:RQJ DQG .DDV   7KH QDWXUH RI WKH WUDQVIRUPDWLRQ RI YLVXDO LQIRUPDWLRQ LQ WKH
PDPPDOLDQYLVXDOKLHUDUFK\UHPDLQVRQO\SDUWO\XQGHUVWRRGDOWKRXJKUHFHSWLYHILHOGVL]HDQG
RSWLPDO VWLPXOXV FRPSOH[LW\ WHQG WR LQFUHDVH DV RQH DVFHQGV WKLV KLHUDUFK\ IRU PRVW
PDPPDOLDQVSHFLHV9HUPDHUFNHHWDO2XUVWXG\UHSUHVHQWVWKHILUVWLQYHVWLJDWLRQRI
9 QHXUDO UHVSRQVHV LQ WKH WUHH VKUHZ DOORZLQJ XV WR GHOLQHDWH ERWK EDVLF UHFHSWLYH ILHOG
SDUDPHWHUV UHVSRQVHV WR WKH GLIIHUHQW JUDWLQJ FODVVHV DV ZHOO DV UHSUHVHQWDWLRQDO
WUDQVIRUPDWLRQ LQ WKH YLVXDO SURFHVVLQJKLHUDUFK\ LQ WKLV VSHFLHV $ UHOHYDQW DVSHFW RI RXU
VWXG\ LV WKDWZHDQDO\]HGERWKVLQJOHQHXURQVDVZHOODV WKHYLVXDOHYRNHGSRWHQWLDO 9(3
FRPSRQHQWRIWKHORFDOILHOGSRWHQWLDO/)3$FRPSDULVRQEHWZHHQQHXUDOWXQLQJRIWKHVH
WZRVLJQDOW\SHVZLWKUHVSHFWWRYLVXDOVWLPXODWLRQSDUDPHWHUVFDQEHXVHGWRSURYLGHLQVLJKW
LQWRWKHFROXPQDUFRUWLFDOUHSUHVHQWDWLRQRIVWLPXOXVDWWULEXWHV.DW]QHUHWDO/LXDQG
1HZVRPHDVZHOODVWKHORFDOLW\RIQHXUDOFRPSXWDWLRQV/LHEHHWDO0RQRVRYHW
DO1LHOVHQHWDO5DLQHU
 
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0DWHULDOVDQGPHWKRGV
$QLPDOSUHSDUDWLRQ
$OOH[SHULPHQWDOSURFHGXUHVZHUHFRQGXFWHGDFFRUGLQJWRORFDOUHJXODWLRQVDSSURYHGE\WKH
YHWHULQDU\ RIILFH RI WKH FDQWRQ RI )ULERXUJ DQG LQ FRPSOLDQFH ZLWK (XURSHDQ 8QLRQ
GLUHFWLYHV([SHULPHQWVZHUHSHUIRUPHGRQQLQHDQHVWKHWL]HGWUHHVKUHZVTupaia belangeri
DJHGWR\HDUV$QLPDOVZHUHKRXVHGLQLQGLYLGXDOFDJHVRIFXELFPHWHUVîî
 FP LQ HQYLURQPHQWPDLQWDLQHG DW  RI KXPLGLW\ DQG  & WHPSHUDWXUH RQ D K
GDUNKOLJKWF\FOHOLJKWRQDW&DJHVZHUHHQULFKHGZLWKZRRGHQVWLFNVEUDQFKHV
DQGSODVWLFWXEHVDQGHDFKDQLPDOKDGDQHVWER[îîFP)RRGDQGZDWHUZHUH
DYDLODEOHad libitum$QLPDOVZHUHDQHVWKHWL]HGEHIRUHWKHH[SHULPHQWVZLWKNHWDPLQH
PJNJ .HWDQDUNRQ 6WUHXOL 3KDUPD LP IROORZHG E\ DWURSLQH  PJNJ $WURSLQXP
6XOI 6LQWHWLFD LP WR SUHYHQW PXFXV VHFUHWLRQ  $QDOJHVLFV ZHUH DOVR DGPLQLVWHUHG
6FDQGLFDLQ$VWUD=HQHFD$*VF 9LWDOVLJQVVXFKDVERG\WHPSHUDWXUHDQGKHDUW
UDWHZHUHFRQVWDQWO\PRQLWRUHG6LQFHRXUH[SHULPHQWVODVWHGIRUVHYHUDOKRXUVDOOQHFHVVDU\
PHDVXUHVZHUHDGRSWHGWRPDLQWDLQDVWDEOHOHYHORIDQHVWKHVLDDVZHOODVPLQLPL]HPHWDEROLF
GLVWUHVV)LUVWO\DQLPDOVZHUHWUDFKHRWRPL]HGWRSURYLGHDUWLILFLDOUHVSLUDWLRQDWVWURNHV
SHUPLQXWH+DUYDUG,QVWUXPHQW5HVSLUDWRU\$JDVPL[WXUHRIR[\JHQDQGWR
LVRIOXUDQH 'UlJHU YDSRUL]DWLRQ V\VWHP LVRIOXUDQH ,VR)OR $EERWW PDLQWDLQHG VWDEOH
DQHVWKHVLD$PXVFOHUHOD[DQWGUXJZDVDOVRDGPLQLVWHUHGDWWKHEHJLQQLQJRIWKHSURFHGXUHV
PJNJ3DYXORQ(VVH[&KHPLHLSDQGHYHU\PLQPJNJLS6HFRQGO\ZH
DGPLQLVWHUHG D P/ VXEFXWDQHRXV LQMHFWLRQ RI  JOXFRVH LQ  1D&O HYHU\ K WR
PLQLPL]H PHWDEROLF GLVWUHVV DQG GHK\GUDWLRQ  6XUJLFDO SURFHGXUHV DQG H[SHULPHQWDO
UHFRUGLQJVZHUHFDUULHGRXWZKLOHWKHDQLPDOZDVO\LQJRQDFXVWRPPDGHVWHUHRWDFWLFIUDPH
GHVLJQHG DW WKH8QLYHUVLW\ RI )ULERXUJZKLFK GLG QRW SURYLGH DQ\ REVWDFOH LQ WKH YLVXDO
ILHOG RI WKH DQLPDO WKXV DOORZLQJ SUHVHQWDWLRQRI ODUJH YLVXDO VWLPXOL XS WR GHJUHHV RI
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YLVXDO ILHOG  %RWK H\HV ZHUH WUHDWHG E\ ORFDO DSSOLFDWLRQ RI DWURSLQH $WURSLQH 
FROO\ULXP'U&5HSRQGIRUSXSLOGLODWLRQDQGLQVWDOODWLRQRIKDUGFRQWDFWOHQVHVWRSUHYHQW
FRUQHDOGU\LQJ $OOYLVXDOVWLPXOLZHUHSUHVHQWHGPRQRFXODUO\WRWKHULJKWH\HE\FRYHULQJ
WKHILHOGRIYLHZRIHDFKDQLPDO¶VOHIWH\HZLWKEODFNWKLFNFDUGERDUG $FFRUGLQJO\QHXUDO
GDWDZHUHUHFRUGHGRQO\IURPWKHOHIWEUDLQKHPLVSKHUH
3ULPDU\ 9 DQG VHFRQGDU\ YLVXDO FRUWLFHV 9ZHUH H[SRVHG E\ FUDQLRWRP\  )LUVWO\ D
VPDOOUHJLRQRIWKHVNXOOZDVFDUHIXOO\UHPRYHGRYHU9$3PP0/PPUHODWLYH
WR WKH µ]HUR¶ RI WKH VWHUHRWDFWLF GHYLFH  7KHQ D ODUJHU FUDQLRWRP\ZDV SHUIRUPHG LQ WKH
DQWHULRUODWHUDO GLUHFWLRQ²WRZDUG WKH DQLPDO¶V HDUOREH²WKXV H[SRVLQJ D a PP ZLGH
ZLQGRZRYHUWKHEUDLQVXUIDFH
(OHFWURSK\VLRORJ\
([WUDFHOOXODU UHFRUGLQJV ZHUH SHUIRUPHG LQ 9 DQG 9 ZLWK WZR WXQJVWHQ VLQJOH PLFUR
HOHFWURGHV  0 LPSHGDQFH )+& VSDFHG  P  (OHFWURGHV ZHUH DFWLRQHG E\ D
K\GUDXOLFPLFURGULYH'DYLG.RSI,QVWUXPHQWVFRQWUROOHGE\DUHPRWHKDQGZKHHO)RUHDFK
HOHFWURGHSHQHWUDWLRQZH UHFRUGHGQHXUDO DFWLYLW\ DW VHYHUDO FRUWLFDO GHSWKV $IWHUZHKDG
VXFFHVVIXOO\LGHQWLILHGDQGUHFRUGHGQHXUDODFWLYLW\IURPDFRUWLFDOORFDWLRQVHHVHFWLRQ
HOHFWURGHVZHUHDGYDQFHGLQWKHWLVVXH1HXUDODFWLYLW\ZLWKLQWKHIROORZLQJȝPZDVQRW
IXUWKHULQYHVWLJDWHG5HJUHWWDEO\WKHWZRHOHFWURGHVFRXOGQRWEHPRYHGLQGHSHQGHQWO\WKXV
UHGXFLQJ WKH FKDQFHVRI FRUHFRUGLQJ IURP WZRZHOOLVRODWHG QHXURQV VHH VHFWLRQ  ,Q
IDFW LQ WKLV VWXG\ZHDQDO\]HGQHXUDO VLJQDOV UHFRUGHG IURPHLWKHUHOHFWURGHEXW LQQRFDVH
VLPXOWDQHRXVO\IURPERWK
(OHFWURSK\VLRORJLFDO VLJQDOV ZHUH DPSOLILHG 5$3$ 0HGXVD SUHDPSOLILHU ILOWHUHG DQG
GLJLWL]HG 5= %LRPDS 3URFHVVRU 7XFNHU'DYLV 7HFKQRORJLHV $ODFKXD )/ 86$  7KH
VLJQDOZDVFRQFXUUHQWO\KLJKSDVV ILOWHUHGDW+]DQG ORZSDVV ILOWHUHGDW+] 7KH
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KLJKSDVVILOWHUHGVLJQDOVDPSOHGDWN+]VHUYHGDVEDVLVIRUDFWLRQSRWHQWLDOVGHWHFWLRQ
$FWLRQSRWHQWLDOVZHUHVWRUHGDVVHJPHQWVRIDERXWPVVDPSOHVFHQWHUHGRQWKHWLPH
RI WKUHVKROGFURVVLQJ DQG VRUWHG RIIOLQH  7KH ORZSDVV ILOWHUHG VLJQDO GRZQVDPSOHG DW 
N+]LQFOXGHGWKH/)3
+LVWRORJ\
(OHFWURO\WLFOHVLRQVZHUHSHUIRUPHGDWWKHHQGWKHH[SHULPHQWVDWVHYHUDOFRUWLFDOGHSWKVRI
RUSUHYLRXVO\YLVLWHGUHFRUGLQJORFDWLRQV/HVLRQVZHUHSHUIRUPHGE\VWLPXODWLQJWKHEUDLQ
IRU  V ZLWK  $ RI FRQVWDQW FXUUHQW :RUOG 3UHFLVLRQ ,QVWUXPHQWV $ /$ +LJK
9ROWDJH6WLPXOXV,VRODWRU7KHVHSDUDPHWHUVKDYHEHHQWHVWHGLQSUHYLRXVVWXGLHVIURPRXU
JURXS DQG ZHUH PLQLPXP FRQGLWLRQ WR SURGXFH YLVLEOH OHVLRQV LQ WUHH VKUHZ 9 ZLWKRXW
FRPSURPLVLQJ WKH DFFXUDF\ RI KLVWRORJLFDO ORFDOL]DWLRQ RI WKH UHFRUGLQJ HOHFWURGHV  1H[W
DQLPDOVZHUHGHHSO\DQHVWKHWL]HGZLWK(VFRQDUNRQPJNJ LS WKHQSHUIXVHGWUDQV
FDUGLDOO\ ZLWK  1D&O VROXWLRQ IROORZHG E\ FROG  SDUDIRUPDOGHK\GH LQ  0
SKRVSKDWH EXIIHU S+   7KH EUDLQ ZDV UHPRYHG IURP WKH VNXOO DQG SRVW IL[HG LQ 
SDUDIRUPDOGHK\GHDW &RYHUQLJKW 7KH IROORZLQJGD\ WKHEUDLQZDV WUDQVIHUUHG LQ
VXFURVH LQ WKH VDPHEXIIHU VROXWLRQ 7KHEUDLQZDVFXWRQ WKHVDJLWWDOSODQH RUP
WKLFN E\ XVLQJ D IUHH]LQJ PLFURWRPH 0LFURP +0( PRXQWHG RQ JODVV VOLGHV DQG
FRYHUVOLSSHG  5HFRUGLQJ ORFDWLRQV DQG GHSWK ZHUH GHWHUPLQHG XVLQJ HOHFWURGH WUDFNV DQG
OHVLRQV REVHUYHG LQ 1LVVO )LJ$ RU F\WRFKURPHR[LGDVHVWDLQHG )LJ% VHFWLRQV
&RRUGLQDWHV RI HDFK HOHFWURGH WUDFNZHUH SORWWHG LQ0$7/$% )LJ& :HZHUH DEOH WR
DVVLJQ HDFK UHFRUGLQJ WR HLWKHU 9 RU 9 DUHDV DV ZHOO DV WR WKH FRUWLFDO VXEGLYLVLRQV RI
VXSUDJUDQXODU  DQG  JUDQXODU  DQG LQIUDJUDQXODU  DQG  OD\HUV 7KH QXPEHU RI
UHFRUGHGQHXURQVLVUHSRUWHGEHORZVHFWLRQ
9LVXDOVWLPXODWLRQ
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9LVXDO VWLPXOL ZHUH SUHVHQWHG XVLQJ FXVWRPZULWWHQ 0$7/$% FRGH UXQQLQJ WKH
3V\FKRSK\VLFV7RROER[%UDLQDUG.OHLQHUHWDORQD0DF0LQL$´FDWKRGH
UD\ WXEHFRPSXWHUPRQLWRUZDVSODFHGDWFP LQ IURQWRI WKHDQLPDO VXEWHQGLQJaRI
YLVXDOILHOG/XPLQDQFHJDPPDRIWKHPRQLWRUZDVPHDVXUHGZLWKD0LQROWD79&$,,FRORU
DQDO\]HUDQGFRUUHFWHGE\OLQHDUL]DWLRQDWVRIWZDUHOHYHO7KHLQWHUPHGLDWHOXPLQDQFHOHYHO
LH³JUD\´FRUUHVSRQGLQJWRFGPVHUYHGDVEDFNJURXQGFRORUDQGLWZDVFRQWLQXRXVO\
VKRZQ GXULQJ WKH HQWLUH H[SHULPHQWDO VHVVLRQ VHH EHORZ  6FUHHQ UHIUHVK UDWH ZDV VHW WR
PD[LPDO IUHTXHQF\ JHQHUDWHG E\ RXUPRQLWRU QDPHO\ +]ZKLFK JHQHUDWHV YHU\ OLWWOH
HQWUDLQPHQW RI QHXURQDO DFWLYLW\ ZLWK WKH PRQLWRU UHIUHVK UDWH LQ WUHH VKUHZV 9HLW HW DO
 7KH VWHUHRWDFWLF IUDPHZDV IL[HGRQDPHWDOOLFEDVH WKDW FRXOGEH URWDWHGDURXQGD
FHQWUDOSLYRWDQGORFNHGDWHDFKVWHSVRWKDWPRUHHFFHQWULFUHFHSWLYHILHOGVFRXOGEHDOVR
VWLPXODWHG 'LVWDQFH IURP WKH VFUHHQZDVPHDVXUHG DW WKH EHJLQQLQJ RI HDFK UHFRUGLQJ WR
HQVXUHDFFXUDWHHVWLPDWLRQRIYLVXDOUHFHSWLYHILHOGVL]H
([SHULPHQWDOVWLPXOLZHUHVWDWLFIXOOFRQWUDVWJUD\VFDOHVLQXVRLGDOJUDWLQJVZKLFKEHORQJHG
WRWKUHHGLVWLQFWVWLPXOXVFODVVHV&DUWHVLDQK\SHUEROLFDQGSRODUVHH)LJ$ 7KHVHWKUHH
VWLPXOXV HQVHPEOHV VKDUH WKH PDWKHPDWLFDO SURSHUW\ RI RUWKRJRQDOLW\ ZKLFK LV GHILQHG DV
ODFNRI OLQHDU FRUUHODWLRQEHWZHHQ VWLPXOL RI WKH HQVHPEOH 3DSRXOLV DQG3LOODL  :H
IRUPDOO\YHULILHGWKLVDVVXPSWLRQE\FDOFXODWLQJ3HDUVRQ¶VFRUUHODWLRQFRHIILFLHQWVݎEHWZHHQ
DOOSDLUVRILPDJHVZLWKLQHDFKJUDWLQJFODVVDVIROORZVݎ ൌ ൫ܥ݋ݒሺ௫ǡ௬ሻ൯ ൫ܸܽݎ௫ܸܽݎ௬൯ൗ ZKHUH
ݔ DQGݕ DUH VWLPXOXV LPDJHV 2UWKRJRQDOLW\ RI VWLPXOXV HQVHPEOHV LV D GHVLUDEOH SURSHUW\
EHFDXVH LW DOORZV H[DPLQLQJ ZKHWKHU WKH QHXUDO UHVSRQVH LV D OLQHDU IXQFWLRQ RI WKH
PDQLSXODWHG VWLPXOXV SDUDPHWHUV E\ UHYHUVH FRUUHODWLRQ PHWKRGV  %\ FRQYROYLQJ WKH
VSDWLRWHPSRUDOVWLPXOXVZLWKWKHQHXUDOUHVSRQVHUHYHUVHFRUUHODWLRQFDQUHYHDODV\PPHWULHV
RI WKHQHXUDO UHVSRQVH LQ IDYRURIHLWKHU OLJKWQHVVRUGDUNQHVV LQ WKHVWLPXODWHGDUHDZKLFK
IRUPV WKHEDVLV IRUHVWLPDWLRQRI21DQG2))FHQWHUHGVXEUHJLRQVRI WKH UHFHSWLYH ILHOG
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7KLV UHFHSWLYH ILHOG HVWLPDWH LV HTXLYDOHQW WR WKHPLQLPXP UHVSRQVH ILHOG P5)FRPSXWHG
IURPWKHVSDUVHQRLVHVWLPXOXVZKLFKDOVRIRUPVDQRUWKRJRQDOVWLPXOXVHQVHPEOH6WLPXOXV
VHWV HPSOR\HG LQ WKH SUHVHQW VWXG\ ZHUH FRPSXWHG DFFRUGLQJ WR SUHYLRXVO\ SXEOLVKHG
PDWKHPDWLFDOIRUPXODV*DOODQWHWDOZKLFKGHVFULEHWKHJUDWLQJVWLPXOLDVFRRUGLQDWHV
LQ D PDWKHPDWLFDO VSDFH ZKRVH D[HV UHSUHVHQW VWLPXOXV SDUDPHWHUV VXFK DV RULHQWDWLRQ
VSDWLDOIUHTXHQF\DQGVSDWLDOSKDVH&DUWHVLDQJUDWLQJVZHUHJHQHUDWHGDWIRXURULHQWDWLRQV
DQGDQG WKUHH VSDWLDO IUHTXHQFLHV DQGF\FOHVSHU VWLPXOXV)LJ$ WRS
URZ ZKLFK GHILQHG  XQLTXH VWLPXOXV VWUXFWXUHV  +RZHYHU WKH QRWLRQ RI VWLPXOXV
VWUXFWXUH ZKLFK GHSHQGV RQ RULHQWDWLRQ DQG VSDWLDO IUHTXHQF\ LV QRW GLUHFWO\ FRPSDUDEOH
EHWZHHQ&DUWHVLDQDQGQRQ&DUWHVLDQJUDWLQJFODVVHV,QIDFWK\SHUEROLFJUDWLQJVFRQWDLQWZR
RUWKRJRQDOK\SHUERODH²WKHXQLWK\SHUERODDQGLWVFRQMXJDWH²IODQNHGE\RUWKRJRQDOFURVV
VKDSHGDV\PSWRWHVZKRVHLQWHUVHFWLRQ OLHDW WKHFHQWHURI WKHVWLPXOXV 7KXV WKHYDOXHVRI
RULHQWDWLRQ IRUK\SHUEROLFJUDWLQJVGHVFULEH WKHRULHQWDWLRQRI WKHDV\PSWRWHV UDWKHU WKDQRI
WKH OXPLQRXVEDQGV :HKDYHJHQHUDWHGK\SHUEROLF VWLPXOLE\FRPELQLQJRULHQWDWLRQ
YDOXHVDQGDQGVSDWLDOIUHTXHQFLHVUDQJLQJIURPWRF\FOHVSHUVWLPXOXV)LJ
$PLGGOHURZ2QWKHRWKHUKDQGSRODUVWLPXOLDUHFKDUDFWHUL]HGE\VSLUDOVRUFRQFHQWULF
FLUFOHV WKDW H[SDQG IURP WKH FHQWHU LQ DOO GLUHFWLRQV WKXV FRQWDLQLQJ PXOWLSOH RULHQWDWLRQ
YDOXHV  ,QVWHDG SRODU JUDWLQJV DUH GHILQHG VROHO\ LQ WHUPV RI UDGLDO DQG FRQFHQWULF VSDWLDO
IUHTXHQFLHVZKLFKVSHFLI\FXUYDWXUHDQGGHQVLW\RIOXPLQRXVEDQGVUHVSHFWLYHO\:HKDYH
FKRVHQ  FRQFHQWULF DQG  UDGLDO VSDWLDO IUHTXHQFLHV WR JHQHUDWH WKH FRQFHQWULF SDWWHUQ DQG
WKUHH UDGLDO JUDWLQJ VDPSOHV )LJ$ ERWWRP URZ (DFKXQLTXHJUDWLQJ VWLPXOXV VWUXFWXUH
ZDV WKHQ UHFRPSXWHG DW IRXU °SKDVH VKLIWHG YHUVLRQV $OWKRXJK WKH RSHUDWLRQ RI SKDVH
VKLIW LVPDWKHPDWLFDOO\ HTXLYDOHQW IRU HDFK JUDWLQJ FODVV LW SURGXFHV SHUFHSWXDOO\ GLIIHUHQW
HIIHFWVGHSHQGLQJRQWKHJUDWLQJW\SHQDPHO\WUDQVODWLRQURWDWLRQDQGFRQWUDFWLRQH[SDQVLRQ
IRU &DUWHVLDQ UDGLDO SRODU DQG K\SHUEROLF DQG FRQFHQWULF SRODU UHVSHFWLYHO\ 0RUHRYHU D
10
ht
tp
://
do
c.
re
ro
.c
h
VSDWLDOSKDVHVKLIW UHVXOWV LQUHORFDWLRQRIERXQGDULHVEHWZHHQ OLJKWDQGGDUNSDWFKHVRI WKH
JUDWLQJ LPDJHZKLFK LQ WXUQ DOWHUV WKH UHODWLYH SRVLWLRQ RI FRQWUDVW JUDGLHQWV DQG SRVVLEO\
DIIHFWV VWLPXOXV VWUXFWXUH 7RPLQLPL]H WKLV HIIHFW RQ VWLPXOXV VWUXFWXUHZH UHVWULFWHG RXU
DQDO\VHVUHJDUGLQJVSDWLDOSKDVHWRJUDWLQJVWLPXOXVSRODULW\ZKLFKFRQVLGHUVRQO\DVWLPXOXV
DQG LWV FRQWUDVW UHYHUVHG YHUVLRQ JHQHUDWHG E\ D SKDVH VKLIW  ,Q )LJ$ IRU HDFK
JUDWLQJFODVVVWLPXOLDUHVRUWHGRQWZRURZVZKHUHWKHVHFRQGURZFRQWDLQVSRODULW\LQYHUWHG
LPDJHYHUVLRQVRI WKH ILUVW URZ $OWRJHWKHU WKH VHWRIH[SHULPHQWDO VWLPXOL FRPSULVHG
JUDWLQJV
&RQWH[WXDOPRGXODWLRQHIIHFWVZHUHLQYHVWLJDWHGE\V\VWHPDWLFDOO\YDU\LQJWKHVWLPXOXVVL]H
UDQJLQJIURPDERXWWKHHVWLPDWHGUHFHSWLYHILHOGVL]HVHHVHFWLRQWRWZLFHRUTXDGUXSOH
WKDWVL]HZKLFKDOVRVWLPXODWHGVXUURXQGLQJQHXURQV,PSRUWDQWO\YDULDWLRQVLQVWLPXOXVVL]H
ZHUH QRW REWDLQHG E\ VFDOLQJ WKH VWLPXOXV SLFWXUH WR WKH GHVLUHG DUHD UDWKHU LW ZDV WKH
DSHUWXUHRYHU WKH VWLPXOXV WKDWYDULHG LQGLDPHWHU WKXVHQVXULQJ WKDW VSDWLDO IUHTXHQF\ZDV
FRQVWDQWZLWKDOOVWLPXOXVVL]HV6WLPXOLZHUHJHQHUDWHGDWWKHVFUHHQUHVROXWLRQRIî
SL[HOVZKLFKFRUUHVSRQGHGWRVWLPXOXVVL]HDQGRQO\KDOIRUDTXDUWHURIWKHVWLPXOXVZDV
VKRZQIRUVWLPXOXVVL]HVDQGUHVSHFWLYHO\:HSUHVHQWHGJUDWLQJVWLPXOLZLWKLQDFLUFXODU
VWLPXOXV DSHUWXUH WR HQVXUH WKDW OHQJWK RI OXPLQDQFH VWULSHV GLG QRW GHSHQG RQ VWLPXOXV
RULHQWDWLRQ$OVRWRPLQLPL]HUHVSRQVHVWRVKDUSHGJHVWKHRXWHUSL[HOVRIWKHVWLPXOXV
DSHUWXUHZHUHVPRRWKHGE\FRQYROXWLRQZLWKDGLPHQVLRQDOKDOI*DXVVLDQNHUQHO
([SHULPHQWDOSURFHGXUH
9LVXDO UHFHSWLYH ILHOGV 5) ZHUH HVWLPDWHG E\ PDQXDOO\ PRYLQJ D EODFN EDU RQ ZKLWH
EDFNJURXQG JHQHUDWHG E\ JUDSKLF VRIWZDUH DFURVV WKHPRQLWRU LQ GLIIHUHQW GLUHFWLRQVZKLOH
HOHFWURGHV ZHUH VORZO\ DGYDQFHG LQWR WKH WLVVXH  1HXURQDO VSLNHV ZHUH YLVXDOL]HG RQ WKH
FRPSXWHUPRQLWRURIWKHUHFRUGLQJV\VWHPDQGFRXOGEHKHDUGYLDDFRPSXWHUVSHDNHU:KHQ
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QHXURQDODFWLYLW\FRXOGEHFOHDUO\LVRODWHGIURPWKHEDFNJURXQGDFWLYLW\ZHVWLPXODWHGZLWK
WKHVSDUVHQRLVHVWLPXOXVDODUJHUHJLRQRIYLVXDOILHOGDURXQGWKHSXWDWLYHORFDWLRQRIWKH5)
9HLWHWDO<HKHWDOE 7KHVSDUVHQRLVHVWLPXOXVFRQVLVWVRIEODFNDQGZKLWH
VPDOOVTXDUHGGRWVZKLFKDUHEULHIO\IODVKHGRQHDWWKHWLPHRQUDQGRPWLOHVRIDQLQYLVLEOH
VTXDUHJULG,QWKLVVWXG\ZHJHQHUDOO\HPSOR\HGDîWLOHVZLGHJULGZKLFKFRYHUHG
RIYLVXDO ILHOG (DFKGRW FRYHUHG D VXUIDFHRIî WLOHV VR WKDW HDFKJULGSL[HOZDV
VWLPXODWHG E\  XQLTXH VWLPXOL RI HDFK OXPLQDQFH OHYHO DQG WKH HQWLUH VWLPXODWLRQ ZDV
UHSHDWHG  WLPHV :KHQ WKH 5) FRXOG EH VWLPXODWHG LQPRVW JULG SL[HOVZH UHSHDWHG WKH
VWLPXODWLRQZLWKDZLGHVWLPXOXV&RQYHUVHO\LIWKHUHZDVQRJULGORFDWLRQZKLFKFRXOG
UHOLDEO\ HOLFLW QHXURQDO VSLNLQJ DFWLYLW\ZH GLVFDUGHG WKH FXUUHQW UHFRUGLQJ DQGPRYHG WKH
HOHFWURGHVWRDQHZORFDWLRQ
6L]HDQGORFDWLRQRIWKH5)ZHUHHVWLPDWHGE\UHYHUVHFRUUHODWLRQRIWKHVSDUVHQRLVHVWLPXOXV
ZLWK VSLNH WUDLQV RFFXUUHG IURP  WR  PV VLQFH VWLPXOXV RQVHW 9HLW HW DO 
$OWKRXJK ZH RYHUVDPSOHG WKH JULG VSDFH E\ SUHVHQWLQJ RYHUODSSLQJ GRWV EHWWHU
DSSUR[LPDWLRQRI5)VL]HDQGFHQWHUZDVDFKLHYHGE\ILWWLQJWKHWLPHDYHUDJHGUHVSRQVHPDS
ZLWK DQ RULHQWHG GLPHQVLRQDO*DXVVLDQ IXQFWLRQ 9HLW HW DO ZKLFK UHVXOWHG LQ DQ
RULHQWHG HOOLSVH  7KH DUHD ZLWKLQ WZR VWDQGDUG GHYLDWLRQV IURP WKH FHQWHU RI WKH HOOLSVH
ZKLFKFRQWDLQVRIWKHUHVSRQVHVZDVFRQVLGHUHGDVWKHPLQLPXPUHVSRQVHILHOGP5)
RIWKH5)7KHP5)LVWKRXJKWWRUHSUHVHQWPRVWO\WKDODPRFRUWLFDOLQSXWVIURPWKHODWHUDO
JHQLFXODWHQXFOHXV<HKHWDOE:HFKRVHWKHORQJHVWEHWZHHQPDMRUDQGPLQRUHOOLSVH
D[HVDVUHSUHVHQWDWLYHRIWKHP5)VL]H $VGHVFULEHGLQVHFWLRQDSHUWXUHRYHUVWLPXOXV
GLDPHWHUZDVDGMXVWHGDFFRUGLQJWRP5)VL]H
$IWHUP5)SRVLWLRQDQGVL]HZHUHHVWLPDWHGZHSURFHHGHGZLWKWKHYLVXDOVWLPXODWLRQRIWKH
P5)ZLWKJUDWLQJVWLPXOL(DFKH[SHULPHQWDOVWLPXOXVZDVSUHVHQWHGIRUDERXWPVLH
IUDPHV DW  +] PRQLWRU UHIUHVK UDWH ZLWK QR LQWHUVWLPXOXV LQWHUYDO IRU  WLPHV LQ
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SVHXGRUDQGRP RUGHU  7KH WKUHH VWLPXOXV VL]HV ZHUH SUHVHQWHG LQ UDQGRPL]HG EORFNV
LQWHUOHDYHGE\DERXWVRIEODQNSHULRGGXULQJZKLFKJUD\EDFNJURXQGFRORUZDVVKRZQ
'DWDDQDO\VLV
$QDO\VHV ZHUH SHUIRUPHG LQ 0$7/$% ZLWK FXVWRPZULWWHQ FRGH DQG EXLOWLQ IXQFWLRQV
&ROOHFWHG GDWD ZHUH VSLNLQJ UDWHV DQG /)3  1HXURQV ZHUH LGHQWLILHG E\ VRUWLQJ UHFRUGHG
VSLNHV DFFRUGLQJ WR HQHUJ\ QDPHO\ WKH DUHD EHORZ WKH VSLNH ZDYHIRUP DQG LQWHUVSLNH
LQWHUYDOV2XUGDWDVHWFRPSULVHGLVRODWHGQHXURQV9DQG9QHXURQVDQG
UHFRUGLQJVRIWKHYLVXDOHYRNHGSRWHQWLDOV9(3RIWKH/)3LQ9DQGLQ9$IWHU
ODPLQDUDVVLJQPHQWZHDWWULEXWHGDQGUHFRUGLQJVLQUHVSHFWLYHO\OD\HUVDQG
 RI 9  UHFRUGLQJV ZHUH H[FOXGHG IURP ODPLQDU DQDO\VLV EHFDXVH RI UHODWLYHO\ KLJK
XQFHUWDLQW\FRQFHUQLQJWKHLUFRUWLFDOGHSWK,Q9ZHUHFRUGHGQHXURQVIRUOD\HUVDQG
ZKLOHRQO\QHXURQVZHUHORFDWHGLQOD\HU
6LQJOHXQLWDFWLYLW\68$ZDVGHILQHGDVWKHVSLNLQJUDWHZLWKLQDWLPHZLQGRZIURPWR
PVIURPVWLPXOXVRQVHWDYHUDJHGDFURVVUHSHWLWLRQVRIWKHVDPHVWLPXOXV6SLNLQJUDWH
ZLWKLQ WKH  V SUHFHGLQJ WKH VWLPXODWLRQ SURWRFRO²GXULQJ ZKLFK QHXWUDO JUD\ FRORU ZDV
GLVSOD\HG²ZDVVXEWUDFWHGIURPDOOVSLNLQJUHVSRQVHVHYRNHGE\YLVXDOVWLPXOLSUHVHQWDWLRQ
)RUHDFKUHFRUGHGQHXURQZHTXDQWLWDWLYHO\GHILQHGWZRPHDVXUHVRIQHXUDOWXQLQJRQHIRU
LPDJH VWUXFWXUH DQG RQH IRU VWLPXOXV SRODULW\ ZKLFK ERWK UDQJHG ௅  7KH VWUXFWXUH
VHOHFWLYLW\LQGH[66,ZDVGHILQHGDV66, REHVWRZRUVWRPD[ZKHUHREHVWDQGRZRUVWDUH
UHVSHFWLYHO\WKHKLJKHVWDQGORZHVWUHVSRQVHVWRVWLPXOLRIDSDUWLFXODUFODVVDQGRPD[LVWKH
PD[LPXP UHVSRQVH DFURVV DOO FRQGLWLRQV RI JUDWLQJ FODVV DQG VWLPXOXV VL]H  7KH SRODULW\
VHQVLWLYLW\ LQGH[ 36,ZDV FRPSXWHG DV WKH GLIIHUHQFH EHWZHHQ WKH UHVSRQVHV IRU WKH WZR
SRODULWLHV RI WKH SUHIHUUHG VWLPXOXV QRUPDOL]HG E\ GLYLGLQJ E\ RPD[ DV IROORZV
36, หR SRODULW\EHVWVWLPXOXVRSRODULW\EHVWVWLPXOXVหR PD[
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9(3ZHUHREWDLQHGE\ORZSDVVILOWHULQJWKH/)3VLJQDODW+]ZLWKDWKRUGHU]HURSKDVH
GLJLWDO%XWWHUZRUWKILOWHU6LQFH9(3VDUHHYHQWUHODWHGSRWHQWLDOVORFNHGLQWLPHWRVWLPXOXV
RQVHW/)3DPSOLWXGHVHJPHQWV IRUHDFKVWLPXOXVZHUHDYHUDJHG LQ WKH WLPHGRPDLQDFURVV
VWLPXOXVUHSHWLWLRQVLQDWLPHZLQGRZIURPWRPVIURPVWLPXOXVRQVHW9(3VZHUH
WKHQ FRQYHUWHG WR D VWDQGDUG VFRUH zVFRUH E\ XVLQJ WKH IROORZLQJ IRUPXOD
ൌሺǦሻȀZKHUHMEODQGSDEODUHUHVSHFWLYHO\PHDQDQGVWDQGDUGGHYLDWLRQ
RIWKHVLJQDOLQDVZLQGRZEHIRUHWKHYLVXDOVWLPXODWLRQSHULRGZKLOHWKHYLVXDOUHFHSWLYH
ILHOG ZDV VWLPXODWHG E\ QHXWUDO JUD\ EDFNJURXQG FRORU :H FKRVH D  PV WLPH ZLQGRZ
FHQWHUHGRQWKHDFURVVWULDOODUJHVWQHJDWLYHSHDNDVWKHSHULRGRIPD[LPXPDFWLYLW\66,DQG
36, YDOXHV ZHUH WKHQ FRPSXWHG DV GHVFULEHG DERYH IRU 68$ UHVSRQVHV DIWHU 9(3 SHDN
UHVSRQVHVZHUHPXOWLSOLHG E\  VR WKDW 66, DQG36, YDOXHV DVVXPHG RQO\ SRVLWLYH YDOXHV
UDQJLQJ௅
6WDWLVWLFDODQDO\VLV
,W LV NQRZQ WKDW5) VL]H LQFUHDVHV DORQJ WKH YLVXDO LQIRUPDWLRQ KLHUDUFK\ IURP9 WRZDUG
KLJKHURUGHU YLVXDO DUHDV  8QGHU WKLV DVVXPSWLRQ ZH DVVHVVHG ZKHWKHU KLVWRORJLFDO
UHFRQVWUXFWLRQRIHOHFWURGHWUDFNVKDGUHDVRQDEO\DVVLJQHGUHFRUGLQJORFDWLRQVWR9DQG9
VHHVHFWLRQE\SHUIRUPLQJWZRVWDWLVWLFDOWHVWVDQXQSDLUHGtWHVWRQHVWLPDWHG5)VL]HV
RI9DQG9QHXURQVDQGDQDGGLWLRQDOUDQGRPL]DWLRQWHVW)RUWKHUDQGRPL]DWLRQWHVWQHZ
VDPSOHV ZHUH GUDZQ ZLWK UHSODFHPHQW IURP WKH SRRO RI GDWD ZKLOH NHHSLQJ FRQVWDQW WKH
QXPEHURI99 ODEHOVRI WKHRULJLQDO VDPSOH LH9DQG9QHXURQV )RUHDFK
QHZ UDQGRPL]HG VDPSOHZH FDOFXODWHGDERRWVWUDSSHG tVFRUH ݐ௕௦ RI WKHPHDQGLIIHUHQFH
EHWZHHQWKH9DQG9JURXSVDFFRUGLQJWRWKHIROORZLQJIRUPXOD
ݐ௕௦ ൌ
ۃܴܨݏ݅ݖ ݁௏ଵۄ െ ۃܴܨݏ݅ݖ ݁௏ଶۄ
ටܸܽݎ௏ଵ݊௏ଵ
൅ ܸܽݎ௏ଶ݊௏ଶ

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ZKHUHۃǥ ۄGHQRWHVWKHDYHUDJH5)VL]HLQWKHUDQGRPL]HGVDPSOHIRU9DQG9ܸܽݎ LVWKH
YDULDQFHZLWKLQHDFKJURXSDQGn WKHQXPEHURIYDOXHVZLWKLQWKHJURXSV7KHUHVDPSOLQJ
SURFHGXUHZDV UHSHDWHG WLPHV \LHOGLQJ DQRUPDOO\GLVWULEXWHGSRSXODWLRQRIݐ௕௦ YDOXHV
FHQWHUHGRQ7KLVERRWVWUDSSHGGLVWULEXWLRQVHUYHGDVEDVLVIRUDW\SLFDOWZRWDLOHGtWHVWE\
FDOFXODWLQJWKHIUDFWLRQRIݐ௕௦VFRUHVWKDWZHUHPRUHH[WUHPHLHIDUWKHUIURPWKHPHDQWKDQ
WKH tVFRUH HVWLPDWHG IURP WKH HPSLULFDO GDWD GLYLGHG E\ WKH WRWDO QXPEHU RI UDQGRPL]HG
VDPSOHV
)RU DOO9 DQG9 QHXURQVZH KDYH DOVR TXDQWLILHG WZR IXQFWLRQDO SURSHUWLHV RI WKHLU5)
QDPHO\21 DQG2)) VXEILHOGV RYHUODS DQGEODFNGRPLQDQFH 7KHRYHUODS EHWZHHQ21
DQG 2)) UHJLRQV RI WKH 5) ZDV TXDQWLILHG E\ FRPSXWLQJ WKH RYHUODS LQGH[
ൌ ሺʹɐ൅ʹɐǦȟɊሻ ሺʹɐ൅ʹɐ൅ȟɊሻൗ  ZKHUH ı LV WKH PHDQ ELGLPHQVLRQDO
VSDWLDOVSUHDGRIWKH5)VL]HDVHVWLPDWHGE\VSDUVHQRLVHVWLPXOXVZLWKHLWKHUwhiteRUblack
GRWVDQGǻȝLVWKH(XFOLGHDQGLVWDQFHEHWZHHQWKHWZRVXEILHOGV¶FHQWHU.DJDQHWDO
0DUWLQH]HWDO6FKLOOHUHWDO9HLWHWDO$GGLWLRQDOO\ZHKDYHHVWLPDWHG
ZKHWKHU5)ZHUHHTXDOO\VHOHFWLYHO\WREODFNDQGZKLWHVWLPXOXVSDWFKHVE\FRPSXWLQJ WKH
EODFNZKLWH SUHIHUHQFH UDWLR DV ʹ ሺ  Τ ሻ ZKHUHA LV WKH SHDN UHVSRQVH LQ WKH
HVWLPDWHG5)VXEILHOG9HLWHWDO<HKHWDOD
,QRUGHUWRFRPSDUHPHDVXUHVRIQHXUDOVHOHFWLYLW\WRJUDWLQJVWUXFWXUHDQGVWLPXOXVSRODULW\
DFURVVGLIIHUHQWUHFRUGLQJVLWHVDQGQHXURQVERWK66,DQG36,LQFOXGHDQRUPDOL]DWLRQWHUP
QDPHO\ WKHRPD[  7KLV SURFHGXUH KRZHYHU KDV WKH HIIHFW RI SHQDOL]LQJ KLJKO\ UHVSRQVLYH
QHXURQVZKLFKDUHPRUHIUHTXHQWLQ9WKDQLQ9DVUHYHDOHGE\DQXQSDLUHGtWHVWRQRPD[
YDOXHV RI 9 DQG 9 QHXURQV  7KHUHIRUH ZH KDYH H[FOXGHG WKH  PRUH UHVSRQVLYH 9
QHXURQV IURP VWDWLVWLFDO VLJQLILFDQFH WHVWV HLWKHU tWHVWV RU post-hoc WHVWV ZKLFK DLPHG DW
FRPSDULQJ9WR97KLVUHGXFHG9SRSXODWLRQLQFOXGHGDVPXFKDVQHXURQVZLWKDQ
DYHUDJH SHDN UHVSRQVH ۃۄൌ    VSLNHVV ZKLFK ZDV FRPSDUDEOH ZLWK WKH 9
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SRSXODWLRQQHXURQVۃۄൌVSLNHVVXQSDLUHGtWHVWp3OHDVHQRWHWKDW
WKHVH9QHXURQVZHUHH[FOXGHGRQO\IRUWKHSXUSRVHVRIGLUHFWFRPSDULVRQVEHWZHHQ9DQG
9$OOWKHUHPDLQLQJDQDO\VHVZHUHEDVHGRQWKHHQWLUH9GDWDVHW:HKDYHFRQILUPHGWKDW
IRUWKHUHGXFHG9SRSXODWLRQFORVHO\UHVHPEOHVWKHHQWLUHUHFRUGHG9SRSXODWLRQLQWHUPV
RI VWUXFWXUH VHOHFWLYLW\ LQGH[ 66, UHFHSWLYH ILHOG VL]HDQG UHFHSWLYH ILHOG VLPLODULW\ 5)6
LQGH[$129$VZLWKIDFWRUUHGXFHGYVUHPDLQLQJ9SRSXODWLRQp p!DQGp!
UHVSHFWLYHO\IRUPDLQHIIHFWV
&RQWULEXWLRQRIJUDWLQJFODVV DQG VWLPXOXV VL]H WRQHXUDO WXQLQJ WR VWUXFWXUH DQGSKDVHZDV
DVVHVVHG E\ VHSDUDWH$129$V IRU 36, DQG 66, YDOXHV LQGHSHQGHQWO\ IRU 68$ DQG9(3
7KHVHDQDO\VHVZHUHSHUIRUPHGRQDOOUHFRUGLQJVUHJDUGOHVVRIWKHLUFRUWLFDOODPLQDUSRVLWLRQ
:KHQ VLJQLILFDQW HIIHFWV FRXOG EH GHPRQVWUDWHG ZH FRQGXFWHG IXUWKHU VWDWLVWLFDO DQDO\VHV
FRQVLGHULQJWKHODPLQDUVXEGLYLVLRQDVGHSHQGHQWYDULDEOHRIWKH$129$LQRUGHUH[DPLQH
WKH OD\HU GHSHQGHQFH RI WKHVH HIIHFWV  $129$ RQ 66, DQG 36, FRQVLVWHG RI D ZD\
UHSHDWHGPHDVXUH GHVLJQZLWK RQH EHWZHHQVXEMHFW IDFWRU QDPHO\ WKH DVVLJQPHQW WR HLWKHU
9RU9DQGWZRZLWKLQVXEMHFWIDFWRUV LHJUDWLQJFODVVDQGVWLPXOXVVL]HZLWKUHSHDWHG
PHDVXUHVRQERWK IDFWRUV :HXVHG WKHRSHQVRXUFHVWDWLVWLFV VRIWZDUH55 IRU:LQGRZV
YHUVLRQ [  WR SHUIRUP WKH UHSHDWHGPHDVXUHV $129$V  :KHUH FWHVWV \LHOGHG
VLJQLILFDQWUHVXOWVpZHUHSRUWHGWKHpYDOXH$GGLWLRQDOO\VLJQLILFDQWFWHVWVLQWKH
$129$ ZHUH IROORZHG E\ DSSURSULDWH post-hoc WHVWV ZKRVH UHVXOWLQJ pYDOXHV ZHUH
FRUUHFWHG IRU PXOWLSOH FRPSDULVRQV ELDV DFFRUGLQJ WR WKH VWHSGRZQ +ROPâtGiN PHWKRG
+ROP7KHFRUUHFWLRQZDVDSSOLHGDVIROORZVILUVWpYDOXHVZHUHVRUWHGLQDVFHQGLQJ
RUGHUDQGWKHQDQLWHUDWLYHSURFHVVGHWHUPLQHGZKHWKHUWKHnullK\SRWKHVHVRIHDFKWHVWFRXOG
EH DFFHSWHG  )RU HDFK LWHUDWLRQ݅ WKH ݅WK DGMXVWHG pYDOXH ZDV HVWLPDWHG DV

ൌͳǦሺͳǦሻǦ൅ͳZKHUHpLLVWKHXQDGMXVWHGYDOXHDQGnWKHQXPEHURIWHVWVWRZKLFK
WKH FRUUHFWLRQ LV DSSOLHG  )LQDOO\ HDFK DGMXVWHG pYDOXH ZDV FRPSDUHG ZLWK D VWDWLVWLFDO
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VLJQLILFDQFHWKUHVKROGĮDQGWKHnullK\SRWKHVLVZDVDFFHSWHGIRUp!ĮUHMHFWHGRWKHUZLVH$
QHZ LWHUDWLRQ IROORZHG RQO\ LI WKH ݅WK null K\SRWKHVLV KDG EHHQ UHMHFWHG RWKHUZLVH WKH
SURFHGXUHVWRSSHGDQGZHDFFHSWHGDOOVXEVHTXHQWnullK\SRWKHVHV+ROP:HVHWWKH
WKUHVKROGYDOXHĮWR
6\VWHPDWLF FRPSDULVRQV EHWZHHQ 68$ DQG 9(3 VLJQDOV DUH RI LQFUHDVLQJ UHOHYDQFH LQ
QHXURSK\VLRORJLFDO VWXGLHVEHFDXVHVSLNLQJDFWLYLW\DQG ORFDOSRWHQWLDOVRULJLQDWH IURP WZR
GLIIHUHQWSK\VLRORJLFDOPHFKDQLVPVDQGDUHJHQHUDOO\LQWHUSUHWHGEHLQJPRUHFORVHO\UHODWHG
WR WKH RXWSXW DQG LQSXW UHVSHFWLYHO\ RI D FRUWLFDO UHJLRQ .DW]QHU HW DO  :H KDYH
LQYHVWLJDWHGWKHUHODWLRQVKLSEHWZHHQ68$DQG9(3IROORZLQJWKHREVHUYDWLRQWKDWVWUXFWXUH
VHOHFWLYLW\RISRODUJUDWLQJVLQ9ZDVKLJKHUWKDQLQ9ZKHQHVWLPDWHGRQ68$EXWLWZDV
ORZHU ZKHQ HVWLPDWHG RQ 9(3V )LJ  :H WHVWHG WKLV K\SRWKHVLV SHUIRUPLQJ D ZD\
$129$RQ66,IRUSRODUJUDWLQJVZLWK99DQG68$9(3VLJQDOW\SHDVEHWZHHQVXEMHFW
IDFWRUVDQGVWLPXOXVVL]HDVEHWZHHQVXEMHFWIDFWRUZLWKUHSHDWHGPHDVXUHV
:HZHUHDOVRLQWHUHVWHGLQKRZFRQWH[WXDOPRGXODWLRQDIIHFWHGERWKQHXUDOWXQLQJDVZHOODV
ILULQJUHVSRQVHV:HFRPSDUHGWKHPHDQ68$UHVSRQVHRIHDFKQHXURQIRUHDFKJUDWLQJFODVV
WRWKHUHVSRQVHVIRUODUJHUVWLPXOLLHZHFRPSDUHGVL]HîP5)YVîîYVîDQGîYV
î:HDVVHVVHGVWDWLVWLFDOVLJQLILFDQFHE\XVLQJDSDLUHGWZRVDPSOHtWHVWDQGUHSRUWHGp
YDOXHV FRUUHFWHG IRU PXOWLSOH FRPSDULVRQV  :H IXUWKHU WHVWHG WKH UHODWLYH IUHTXHQFLHV RI
VXUURXQG VXSSUHVVLRQ DQG HQKDQFHPHQW E\ SHUIRUPLQJ D ȤWHVW  7KH FRPSDULVRQ RI 68$
UHVSRQVHVIRU&DUWHVLDQJUDWLQJVSUHVHQWHGDWVWLPXOXVVL]HDQGLVVKRZQLQ)LJ
:HKDYHDOVR LQYHVWLJDWHG WKHHIIHFWRIVSDWLDO IUHTXHQF\YDULDWLRQVRQVWLPXOXVVHOHFWLYLW\
)LUVWO\ZHKDYHGHWHUPLQHGIRUHDFKQHXURQWKHSUHIHUUHGVSDWLDOIUHTXHQF\DPRQJWKRVHZH
KDYHXVHGLQRXUVWLPXOXVVHW 6SDWLDOIUHTXHQF\SUHIHUHQFHZDVGHWHUPLQHGRQWKHEDVLVRI
PHDQ 68$ UHVSRQVH IRU HDFK VSDWLDO IUHTXHQF\ ZLWKLQ D JUDWLQJ FODVV  :H FRQVWUXFWHG
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KLVWRJUDPVRIVSDWLDOIUHTXHQF\SUHIHUHQFHLQWKHSRSXODWLRQRI9DQG9QHXURQVIRUHDFK
VWLPXOXV VL]H  :H WKHQ WHVWHG ZKHWKHU GLVWULEXWLRQV YDULHG IRU HDFK JUDWLQJ FODVV DFURVV
VWLPXOXV VL]H E\ SHUIRUPLQJ D ȤWHVW DQG FRUUHFWLQJ pYDOXHV IRU PXOWLSOH FRPSDULVRQV
6LQFHZHIRXQGQRVLJQLILFDQWGLIIHUHQFHIRUDQ\RIWKHJUDWLQJFODVVHVp!ZHDYHUDJHG
WKH KLVWRJUDPV DFURVV VWLPXOXV VL]H DQG UHSRUWHG WKH UHVXOWLQJ SUHIHUHQFH IUHTXHQFLHV LQ
)LJ  :H KDYH WKHQ FRPSDUHG WKH SUHIHUHQFH GLVWULEXWLRQV IRU 9 DQG 9 QHXURQV E\
SHUIRUPLQJDȤWHVWEHWZHHQWKHGLVWULEXWLRQYDOXHV$GGLWLRQDOO\ZHUHFRPSXWHG66,YDOXHV
OLPLWLQJRXUDQDO\VLVRQ68$DQG9(3UHVSRQVHVWRWKHSUHIHUUHGVSDWLDOIUHTXHQF\RIHDFK
QHXURQ:HWKHQWHVWHGWKHGLIIHUHQFHEHWZHHQ9DQG9UHFRUGLQJVE\SHUIRUPLQJDZD\
$129$ IRU 68$ DQG9(3 66, YDOXHV LQGHSHQGHQWO\ZLWK VSDWLDO IUHTXHQF\99 DQG
JUDWLQJFODVVDVIDFWRUV6LJQLILFDQWIDFWRUVDQGLQWHUDFWLRQVZHUHIXUWKHUH[DPLQHGE\post-
hocWHVWVZKRVHUHVXOWLQJpYDOXHVZHUHFRUUHFWHGIRUPXOWLSOHFRPSDULVRQVELDV
6LQFHUHFHSWLYHILHOGRUJDQL]DWLRQLVXVXDOO\GHWHUPLQHGIURPQHXUDOUHVSRQVHVWRVSDUVHQRLVH
VWLPXOL ZH KDYH HVWLPDWHG WKH UHFHSWLYH ILHOG VLPLODULW\ 5)6 EHWZHHQ UHFHSWLYH ILHOGV
HVWLPDWHG E\ VSDUVH QRLVH DQG WKH WKUHH JUDWLQJ FODVVHV KHUH H[DPLQHG 5)6 LV GHILQHG DV
IROORZV ݎ ൌ ൫ܥ݋ݒሺௌேǡீோሻ൯ ሺܸܽݎௌேܸܽீݎ ோሻΤ ZKHUHSN DQGGR DUH WKH VSDUVH QRLVH DQG WKH
JUDWLQJ LPDJHV UHVSHFWLYHO\ <HK HW DO E  &RPSXWLQJ WKH 5)6 LV HTXLYDOHQW WR
FDOFXODWHWKH3HDUVRQ¶VFRUUHODWLRQFRHIILFLHQWDQGLWFDQEHLQWHUSUHWHGLQDVLPLODUIDVKLRQ
5)6HTXDOVZKHQWKHWZRUHFHSWLYHILHOGVRYHUODSH[DFWO\DQGLWDVVXPHVYDOXHVFORVHWR
ZKHQUHFHSWLYHILHOGHVWLPDWHVKDYHWKHVDPHSRVLWLRQDQGVKDSHEXWRSSRVLWHSRODULW\RI21
DQG2))FHQWHUHG VXEUHJLRQV5)6YDOXHV FORVH WR  LQGLFDWH DEVHQFH RI OLQHDU FRUUHODWLRQ
EHWZHHQ WKH WZRPDSV %HFDXVH WKHVSDUVHQRLVHDQG WKHJUDWLQJVWLPXOLZHUHSUHVHQWHGDW
GLIIHUHQWVL]HDQGUHVROXWLRQVîSL[HOV WKHVSDUVHQRLVHDQGîWKHJUDWLQJV
ZH UHVL]HG WKH VSDUVH QRLVH LPDJH E\ XSVDPSOLQJ LW WR WKH JUDWLQJ LPDJH UHVROXWLRQ
DSSUR[LPDWLQJSL[HOVE\QHDUHVWQHLJKERULQWHUSRODWLRQ7KUHHYDOXHVRI5)6ZHUHHVWLPDWHG
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IRUHDFKUHFRUGLQJFRUUHVSRQGLQJWRWKHFRUUHODWLRQRIHDFKJUDWLQJFODVVWRWKHVSDUVHQRLVH
PDS  5)6 YDOXHVZHUH DQDO\]HGZLWK D ZD\ UHSHDWHGPHDVXUH$129$ZLWK99 DV
EHWZHHQVXEMHFW IDFWRU DQG VWLPXOXV VL]H DQG JUDWLQJ FODVV DV ZLWKLQVXEMHFW IDFWRUV
$GGLWLRQDOO\ZHWHVWHGZKHWKHUDSDUWLFXODUFODVVKDGKLJKHU5)6YDOXHVWKDQWKHRWKHUVE\
SHUIRUPLQJDȤWHVWDQGFRUUHFWLQJpYDOXHVIRUPXOWLSOHFRPSDULVRQV
,Q )LJ DQG & ZH VKRZ GLVWULEXWLRQV RI GDWD SRLQWV RQ WULSOHD[LV SORWV ZKLFK DUH WKH
LVRPHWULF SURMHFWLRQ RI D WKUHH GLPHQVLRQDO VSDFH ZKRVH GLPHQVLRQV DUH WKH WKUHH JUDWLQJ
FODVVHV7KHDGYDQWDJHRIVXFKNLQGRISORWLVWRVKRZWKHUHODWLYHDGYDQWDJHRIDQ\JUDWLQJ
FODVV RYHU WKH RWKHUV LQ IDFW SRLQWV WKDW OLH FORVH WR WKH RULJLQ KDYH VLPLODU YDOXHV IRU DOO
FODVVHVDOWKRXJKQRWQHFHVVDULO\ORZYDOXHV $GGLWLRQDOO\IRUFODULW\ZHSORWDOVRSDUDOOHOV
RI HTXDO GLVWDQFH IURP WKH FHQWHU ZKLFK DSSHDU VLPLODU WR LQIODWHG WULDQJOHV DQG VWUDLJKW
OLQHVGHSDUWLQJIURPWKHRULJLQZKLFKPDUNPHULGLDQVRIHTXDOGLVWDQFHIURPSDLUVRIYHUWLFHV
 
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5HVXOWV
+LVWRORJLFDOUHFRQVWUXFWLRQRIUHFRUGLQJORFDWLRQV
(OHFWURSK\VLRORJLFDOGDWDSUHVHQWHG LQ WKLV UHSRUW FRPSULVHQHXURQV UHFRUGHG IURP WKH
FHQWUDOXSSHUYLVXDO ILHOG UHSUHVHQWDWLRQDWGLIIHUHQWGHSWKVRQSULPDU\ 9DQG VHFRQGDU\
9 YLVXDO FRUWH[ RI  DQHVWKHWL]HG WUHH VKUHZV 5HFRUGLQJ ORFDWLRQV ZHUH UHFRQVWUXFWHG
EDVHG RQ HOHFWURO\WLF OHVLRQV DQG HOHFWURGH WUDFNV YLVXDOL]HG XVLQJ 1LVVO DQG F\WRFKURPH
R[LGDVH&2KLVWRFKHPLVWU\,Q1LVVOVWDLQLQJOHVLRQVZHUHUHSUHVHQWHGE\DGDUNHUFHQWHU
VXUURXQGHGE\ DZKLWH KDOR VHH)LJ$ZKLOH LQ WKH&2 VWDLQLQJ OHVLRQV DSSHDUHGZKLWH
VHH)LJ%)RUERWKVWDLQLQJPHWKRGVDGDUNEDQGFRUUHVSRQGLQJWRWKHJUDQXODUOD\HUZDV
YLVLEOH LQ9EXW QRW9 DOORZLQJ D SUHFLVH ORFDOL]DWLRQRI WKH99ERUGHU 8VLQJ WKLV
FULWHULRQDQGQHXURQVZHUHDVVLJQHGWR9DQG9UHVSHFWLYHO\VHH)LJ&
5HFHSWLYHILHOGVL]H
:H FRPSXWHG WKH UHFHSWLYH ILHOG 5) VL]H IRU VLQJOH QHXURQ DFWLYLW\ 68$ XVLQJ WKH
PLQLPXP UHVSRQVH ILHOG P5) WKDW ZH GHWHUPLQHG E\ UHYHUVH FRUUHODWLRQZLWK WKH VSDUVH
QRLVHVWLPXOXVVHH0HWKRGV7KH5)VL]HIRU9DQG9QHXURQVLVVKRZQDVDIXQFWLRQRI
WKHHFFHQWULFLW\RIWKH5)FHQWHULQ)LJ':HQRWHWKDWWKHVPDOOHVW5)VZHUHDERXWDQG
LQVL]HLQ9DQG9UHVSHFWLYHO\)RUQHXURQVZLWKORZ5)FHQWHUHFFHQWULFLWLHVWKH5)V
RIWHQH[WHQGHGLQWRWKHLSVLODWHUDOYLVXDOKHPLILHOGFRQVLVWHQWZLWKDQLSVLODWHUDOYLVXDOILHOG
UHSUHVHQWDWLRQSUHYLRXVO\ UHSRUWHG IRU WUHHVKUHZV%RVNLQJHWDO $IWHUKLVWRORJLFDO
DVVLJQPHQWRIHDFKUHFRUGLQJWRHLWKHU9RU9ZHIRXQGWKDW5)VL]HZDVVPDOOHUIRU9
PHDQDQG6(0 WKDQ9  QHXURQV DV FRQILUPHGE\ WZR VWDWLVWLFDO
WHVWVXQSDLUHGVDPSOHVtWHVWpUDQGRPL]DWLRQWHVWp7KLVLVFRQVLVWHQWZLWK
WKH NQRZQ LQFUHDVH RI UHFHSWLYH ILHOG VL]H DORQJ WKH FRUWLFDO SURFHVVLQJ VWUHDP IURP 9
WRZDUG WHPSRUDO DUHDV  7KH 9 5) VL]HV UHSRUWHG KHUH IRU WKH FHQWUDO YLVXDO ILHOG
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HFFHQWULFLW\OHVVWKDQDQGSUHYLRXVILQGLQJVREWDLQHGDWKLJKHUHFFHQWULFLWLHV9HLWHWDO
DUHFRQVLVWHQWZLWKDOLQHDU5)VL]HLQFUHDVHGHSHQGHQWRQ5)HFFHQWULFLW\LQWUHHVKUHZ
9
)LJXUH
7KHUHZDVOHVVRYHUODSEHWZHHQP5)21DQG2))VXEILHOGVLQ9WKDQLQ99
9XQSDLUHGtWHVWpZKLOHWKHP5)EODFNGRPLQDQFHLHORJUDWLR
EHWZHHQSHDNUHVSRQVHVLQ21DQG2))P5)VXEILHOGVZDVJUHDWHULQ9WKDQLQ99
9XQSDLUHGtWHVWp
6SLNLQJDFWLYLW\EDVHGVWLPXOXVDQGSRODULW\VHOHFWLYLW\GHSHQGRQJUDWLQJFODVV
:H SURFHHGHG WR UHFRUG QHXUDO DFWLYLW\ WR WKUHH FODVVHV RI PRQRFKURPH JUDWLQJ VWLPXOL
LQFOXGLQJ WKHZHOOVWXGLHG&DUWHVLDQJUDWLQJVDVZHOODVK\SHUEROLFDQGERWKFRQFHQWULFDQG
UDGLDO SRODU JUDWLQJV  :H JHQHUDWHG  H[HPSODU JUDWLQJV IRU HDFK FODVV E\ YDU\LQJ
SDUDPHWHUV UHODWHG WRJUDWLQJ VWUXFWXUH RULHQWDWLRQ VSDWLDO IUHTXHQF\DQGVSDWLDOSKDVH VHH
)LJ$  (DFK JUDWLQJ ZDV SUHVHQWHG DW WZR SRODULWLHV RULJLQDO DQG LQYHUVH SRODULW\
DOORZLQJ HVWLPDWLRQ RI KRZ JUDWLQJ VWUXFWXUH DQG SRODULW\ DIIHFW YLVXDO FRUWLFDO QHXURQ
UHVSRQVHV IRU HDFK RI WKH JUDWLQJ FODVVHV  $GGLWLRQDOO\ WKUHH  GLIIHUHQW VL]HVZHUH WHVWHG
UDQJLQJ IURP MXVWFRYHULQJ WKHP5) WR WZRRU IRXU WLPHV WKDW VL]HDOORZLQJXV WRH[DPLQH
FRQWH[WXDOPRGXODWLRQVRIQHXUDOUHVSRQVHVLQGXFHGE\VWLPXODWLQJWKH5)VXUURXQG6LQJOH
XQLW DFWLYLW\ 68$DQGYLVXDO HYRNHGSRWHQWLDOV 9(3VZHUH HVWLPDWHG IRU HDFK VWLPXOXV
WDNLQJ LQWR DFFRXQW WKH UHVSRQVH ODWHQF\ RI YLVXDO FRUWH[  *HQHUDOO\ ZH REVHUYHG WKDW
QHXURQVWHQGHGWRUHVSRQGWRVWLPXOLIURPDOO WKUHHJUDWLQJFODVVHV )RUFODULW\ZHLQLWLDOO\
IRFXVRQJUDWLQJVWKDWZHUHUHVWULFWHGWRWKHPLQLPXPUHVSRQVHILHOGP5)FRUUHVSRQGLQJWR
VWLPXOXVVL]HDQGVXEVHTXHQWO\H[SDQGWKHDQDO\VLVWRFRQVLGHUDOVRODUJHUVWLPXOXVVL]HV
7KH DFWLYLW\ RI WKUHH H[DPSOH QHXURQV LV LOOXVWUDWHG LQ )LJ%  $V D ILUVW DQDO\VLV ZH
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HVWLPDWHG WKHVWLPXOXVVHOHFWLYLW\DFURVVDOORI WKHVWLPXOL LQHDFKJUDWLQJFODVVE\XVLQJ
WKH VWLPXOXV VHOHFWLYLW\ LQGH[ 66, REHVWRZRUVWRPD[ ZKHUH RPD[ LV WKH PD[LPXP
UHVSRQVHRIWKLVQHXURQDFURVVDOOFRQGLWLRQVDQGVL]HV:HREVHUYHGVLJQLILFDQWO\ODUJHURPD[
YDOXHVLQ9WKDQ99VSLNHVV9VSLNHVVXQSDLUHGtWHVWp
)LJXUH
)RU QHXURQ  LQ )LJ% WKH 66, LV JUHDWHVW IRU &DUWHVLDQ JUDWLQJV DV D UHVXOW RI UREXVW
RULHQWDWLRQVHOHFWLYH UHVSRQVHV WR  FORFNZLVH URWDWHG JUDWLQJV DW KLJK VSDWLDO IUHTXHQF\
7KHQHXURQVKRZVVRPHZKDW ORZHU66,YDOXHV WRK\SHUEROLFDQGSRODUJUDWLQJVEXWFOHDUO\
WHQGVWRUHVSRQGVHOHFWLYHO\WRFHUWDLQK\SHUEROLFJUDWLQJVDWPLGWRKLJKVSDWLDOIUHTXHQFLHV
DVZHOODVFRQFHQWULFSRODUJUDWLQJVDWPLGVSDWLDOIUHTXHQF\1HXURQLVUHODWLYHO\EURDGO\
WXQHG IRU VSDWLDO IUHTXHQF\DQGVKRZV LQWHUPHGLDWH66,YDOXHV IRUDOO WKUHHJUDWLQJFODVVHV
ZLWK D PD[LPXP YDOXH IRU SRODU JUDWLQJV  )LQDOO\ QHXURQ  UHVSRQGV RSWLPDOO\ IRU ORZ
VSDWLDO IUHTXHQF\ JUDWLQJV ZLWK DSSDUHQW PD[LPXP 66, YDOXHV IRU SRODU DQG K\SHUEROLF
JUDWLQJV  )RU HDFK QHXURQ ZH DOVR FRPSXWHG D SRODULW\ VHQVLWLYLW\ LQGH[
36, หR SRODULW\EHVWVWLPXOXVRSRODULW\EHVWVWLPXOXVหR PD[7KH36,TXDQWLILHVWKHLPSDFWRIJUDWLQJSRODULW\RQ
QHXUDO UHVSRQVH WR WKH SUHIHUUHG VWLPXOXV )RU WKH WKUHH H[DPSOH QHXURQV FRQVLGHUHGKHUH
36,WHQGHGWRYDU\EHWZHHQQHDUSRODULW\LQYDULDQFHHJSRODUJUDWLQJVQHXURQWRUREXVW
HIIHFWVRISRODULW\RQQHXUDOUHVSRQVHVHJK\SHUEROLFJUDWLQJVQHXURQ7RH[DPLQHWKH
GLVWULEXWLRQ RI 66, DQG 36, V\VWHPDWLFDOO\ IRU WKH SRSXODWLRQ RI QHXURQV ZH FRQVWUXFWHG
WULSOHD[LVSORWVWKDWGHVFULEHUHODWLYHSUHIHUHQFHVRILQGH[YDOXHVEHWZHHQJUDWLQJFODVVHVIRU
VWLPXOXVVL]HVHH0HWKRGV1RWHWKDWGDWDSRLQWVQHDUWKHRULJLQUHSUHVHQWVLPLODUEXWQRW
QHFHVVDULO\ORZLQGH[YDOXHVIRUDOOWKUHHJUDWLQJFODVVHV
)LJXUH
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)RUWKHVWLPXOXVVHOHFWLYLW\LQGH[66,VHH)LJ$DFOHDUSUHIHUHQFHIRU&DUWHVLDQJUDWLQJV
LVDSSDUHQW $χWHVW IRUHTXDOLW\RISURSRUWLRQV UHYHDOHG WKDWD ODUJHU IUDFWLRQRIQHXURQV
SUHIHUUHG&DUWHVLDQJUDWLQJV LQERWK9DQG9 p )RU WKH36, D VLPLODU DQDO\VLV
UHYHDOHGWKDWQHXURQVZHUHPRVWVHQVLWLYHWRVWLPXOXVSRODULW\IRUK\SHUEROLFJUDWLQJVLQ9
EXWQRWLQ9pDQGp!UHVSHFWLYHO\6RZKLOHPDQ\QHXURQVWHQGHGWREHKLJKO\
VHOHFWLYHIRU&DUWHVLDQJUDWLQJVWKHVHUHVSRQVHVZHUHOLWWOHPRGXODWHGE\JUDWLQJSRODULW\%\
FRQWUDVWDOWKRXJKQHXURQVVKRZHGOLWWOHVHOHFWLYLW\IRUK\SHUEROLFJUDWLQJVUHVSRQVHVWRWKLV
JUDWLQJFODVVZHUHKLJKO\GHSHQGHQWRQVWLPXOXVSRODULW\
 3RSXODWLRQ DQDO\VLV IRU VSLNLQJ DQG 9(3 DFWLYLW\ DV D IXQFWLRQ RI JUDWLQJ FODVV DQG
VWLPXOXVVL]HLQ9DQG9
7KH DERYH DQDO\VHV KDYH LOOXVWUDWHG HIIHFWV RI JUDWLQJ FODVV RQ VWLPXOXV DQG SRODULW\
VHOHFWLYLW\DWVL]H:HQRZSUHVHQWDFRPSUHKHQVLYHDQDO\VLVRI66,DQG36,YDOXHVLQ9
DQG9DVDIXQFWLRQRIJUDWLQJFODVVDQGVWLPXOXVVL]H%HFDXVHRYHUDOOQHXUDOUHVSRQVLYLW\
FDQELDVPRGXODWLRQLQGLFHVZHSHUIRUPWKHVHDQDO\VHVRQ9DQG9SRSXODWLRQVWKDWKDYH
EHHQPDWFKHGLQWHUPVRIRPD[ILULQJUDWH9QHXURQVۃۄൌVSLNHVV9
QHXURQVۃۄൌ    VSLNHVV XQSDLUHG tWHVWp!  3RWHQWLDO UHDVRQV IRU UHGXFHG
QHXUDOUHVSRQVLYLW\LQ9LQFOXGHDQHVWKHVLDDQGPRQRFXODUYLVXDOVWLPXODWLRQ7KHUHVXOWV
VKRZQ LQ )LJ$ IRU VSLNLQJ DFWLYLW\ ZHUH DQDO\]HG XVLQJ D UHSHDWHGPHDVXUHV WKUHHZD\
$129$ZLWKJUDWLQJFODVVDQGVWLPXOXVVL]HDVZLWKLQVXEMHFWDQG99DVEHWZHHQVXEMHFW
IDFWRU&RQILUPLQJWKHDERYHILQGLQJVEDVHGRQQHXURQFRXQWVDWVL]HDQGH[WHQGLQJWKHP
WRODUJHUVL]HVWLPXOLZHIRXQGDPDLQHIIHFWRIJUDWLQJFODVVpRQ66,ZLWKpost-hoc
WHVWV UHYHDOLQJ JUHDWHU 66, YDOXHV IRU &DUWHVLDQ WKDQ K\SHUEROLF RU SRODU JUDWLQJV LQ 9
p DW DOO VL]HV  ,Q9 66, YDOXHV IRU&DUWHVLDQ JUDWLQJVZHUH KLJKHU WKDQ WKRVH IRU
K\SHUEROLF JUDWLQJV p EXW VLPLODU WR SRODU JUDWLQJV p! DW DOO VL]HV  7KXV
VHOHFWLYLW\ IRU SRODU JUDWLQJV HPHUJHV LQ9ZKHUH QHXURQV DUH HTXDOO\ VHOHFWLYH IRU WKHVH
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VWLPXOLDVIRU&DUWHVLDQJUDWLQJV:HDOVRREVHUYHGDPDLQHIIHFWRIVWLPXOXVVL]HRQ66,ZLWK
post-hoc WHVWV p UHYHDOLQJ LQFUHDVHG 66, IRU ODUJHU VWLPXOL FRPSDUHG WR VL]H 
H[FOXVLYHO\ IRU &DUWHVLDQ JUDWLQJV 6WLPXODWLRQ RI WKH FRQWH[WXDO VXUURXQG WKXV WHQGHG WR
HQKDQFHVWLPXOXVVHOHFWLYLW\IRU&DUWHVLDQEXWQRWIRUSRODURUK\SHUEROLFJUDWLQJV
)LJXUH
,QUHODWLRQWRWKHSRODULW\VHQVLWLYLW\ZHIRXQGPDLQHIIHFWVRIJUDWLQJFODVVDQGVL]HRQ36,
p6LQFHWKHUHZHUHQRHIIHFWVRI99IRUSRODULW\VHQVLWLYLW\ZHIRFXVHGKHUHRQ
9SRODULW\VHQVLWLYLW\EDVLQJRXUUHVXOWVRQVWDWLVWLFDODQDO\VLVRIWKHHQWLUHSRSXODWLRQRI9
QHXURQV n  $ WZRZD\$129$UHYHDOHGPDLQHIIHFWVRI VL]HDQGJUDWLQJFODVVZLWK
K\SHUEROLF JUDWLQJV EHLQJ PRUH VHQVLWLYH WR VWLPXOXV SRODULW\ WKDQ WKH RWKHU WZR JUDWLQJ
FODVVHV DW VL]H  ZKHUH VWLPXOL DUH VKRZQ ZLWKLQ WKH P5) post-hoc WHVWV p :H
FRQVLGHU WKDW WKLV PLJKW EH UHODWHG WR D FRUUHVSRQGHQFH EHWZHHQ P5) VXEVWUXFWXUH DQG
K\SHUEROLFJUDWLQJVDQLVVXHWKDWZHDGGUHVVE\FRPSXWLQJUHFHSWLYHILHOGVLPLODULW\EHORZ
7R H[DPLQH KRZ IOXFWXDWLRQV LQ WKH YLVXDO HYRNHG SRWHQWLDO 9(3 UHIOHFWHG VWLPXOXV DQG
SRODULW\ VHOHFWLYLW\ IRU WKH GLIIHUHQW JUDWLQJ FODVVHV ZH SHUIRUPHG WKH DQDO\VLV GHVFULEHG
DERYHIRUWKH9(3)LJ%5HODWLQJWRWKH66,ZHREVHUYHGPDLQHIIHFWVRIJUDWLQJFODVV
DQG99p &DUWHVLDQJUDWLQJV\LHOGHGWKHPRVWSURQRXQFHG9(3VDQG99(3V
ZHUHJHQHUDOO\ODUJHULQDPSOLWXGHWKDQ99(3VDFURVVJUDWLQJFODVVHV7KLVLVOLNHO\GXHWR
WKHOHVVVWULQJHQWFRUWLFDORUJDQL]DWLRQLHRULHQWDWLRQFROXPQVLQ9FRPSDUHGWR9RUWR
WKHOHVVHUGHJUHHRIGLUHFWWKDODPRFRUWLFDOLQSXWWR9$QLQWHUHVWLQJDVSHFWRIWKHVHGDWD
HPHUJHV ZKHQ FRQVLGHULQJ GLIIHUHQFHV LQ QHXUDO SURFHVVLQJ RI SRODU JUDWLQJV DW VSLNH DQG
9(3 OHYHO EHWZHHQ9 DQG9  $ WKUHHZD\ $129$ IRU SRODU JUDWLQJV RQO\ZLWK VL]H
99DQGVLJQDOW\SHVSLNHV9(3DVIDFWRUVUHYHDOHGPDLQHIIHFWRIVLJQDOW\SHDVZHOODV
DQLQWHUDFWLRQEHWZHHQ99DQGVLJQDOW\SHp7KLVVXJJHVWVWKDWVLQJOHQHXURQVLQ
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9 DUH EHWWHU WXQHG IRU SRODU JUDWLQJV EXW OHVV FRQVLVWHQWO\ RUJDQL]HG DFURVV WKH FRUWLFDO
VXUIDFH
&RQWH[WXDOVXUURXQGHQKDQFHPHQWVSHFLILFIRU&DUWHVLDQJUDWLQJV
*LYHQ WKH DERYH ILQGLQJ WKDW FRQWH[WXDO VXUURXQG VWLPXODWLRQ HQKDQFHG VWLPXOXV VHOHFWLYLW\
IRU&DUWHVLDQ JUDWLQJV EXW QRW IRU RWKHU JUDWLQJ W\SHVZHZHUH LQWHUHVWHG LQ UHODWLQJ WKHVH
QHXUDOVHOHFWLYLW\PRGXODWLRQVWRRYHUDOOILULQJUDWHFKDQJHVDVVRFLDWHGZLWKVWLPXODWLRQRIWKH
H[WUDFODVVLFDO UHFHSWLYH ILHOG )RU HDFK QHXURQ DQG JUDWLQJ FODVV ZH WKXV FRPSDUHG WKH
DFWLYLW\WRHDFKRIWKHVWLPXOLEHWZHHQVL]HVDQG:HIRXQGQRGLIIHUHQFHLQDYHUDJH
ILULQJUDWHDVDIXQFWLRQRIVXUURXQGVWLPXODWLRQIRUSRODURUK\SHUEROLFJUDWLQJVLQERWK9
DQG 9 SDLUHG tWHVWV p! )XUWKHUPRUH D VLPLODU QXPEHU RI 9 QHXURQV VKRZHG
VXSSUHVVLRQ DQG HQKDQFHPHQW RI DFWLYLW\ FRPSDUHG WR 5) FHQWHU VWLPXODWLRQ RQO\
HQKDQFHPHQWVXSSUHVVLRQ  DQG  IRU SRODU DQG K\SHUEROLF JUDWLQJV UHVSHFWLYHO\
χWHVWVp!)RU&DUWHVLDQJUDWLQJVFRQWH[WXDOVWLPXODWLRQLQFUHDVHGPHDQILULQJUDWHIRU
ERWKVL]HDQGVL]HVWLPXOLLQ9DVZHOODV9SDLUHGtWHVWV9p9p
7KLV LV LOOXVWUDWHG LQ)LJZKLFKVKRZVWKHPHDQILULQJUDWH WR&DUWHVLDQJUDWLQJVWLPXOLDW
VL]HVDQG
)LJXUH
6XUURXQGHQKDQFHPHQWZDVDOVRVLJQLILFDQWO\PRUHFRPPRQWKDQVXUURXQGVXSSUHVVLRQLQ9
HQKDQFHPHQWVXSSUHVVLRQχWHVWVp&RQWH[WXDOVWLPXODWLRQWKXVKDGUREXVW
HIIHFWVRQPHDQDFWLYLW\DVZHOODVVWLPXOXVVHOHFWLYLW\VSHFLILFDOO\IRU&DUWHVLDQJUDWLQJV
(IIHFWVRIVSDWLDOIUHTXHQF\RQVWLPXOXVVHOHFWLYLW\
:HQRWLFHGWKDWVSDWLDOIUHTXHQF\DSSHDUHGWRKDYHDV\VWHPDWLFLQIOXHQFHRQQHXUDODFWLYLW\
FRPSDUH )LJ%  7R V\VWHPDWLFDOO\ DQDO\]H WKH LPSDFW RI VSDWLDO IUHTXHQF\ ZH ILUVW
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GHWHUPLQHG WKH VSDWLDO IUHTXHQF\ RI WKH RSWLPDO VWLPXOXV IRU HDFK JUDWLQJ FODVV LH WKDW
VWLPXOXVDPRQJWKHH[HPSODUVWKDWHOLFLWHGWKHPD[LPXPUHVSRQVHIURPHDFKQHXURQDQG
FRQVWUXFWHG D KLVWRJUDP RI SUHIHUUHG VSDWLDO IUHTXHQFLHV IRU HDFK JUDWLQJ FODVV  6LQFH WKH
KLVWRJUDPV GLG QRW YDU\ VLJQLILFDQWO\ ZLWK VWLPXOXV VL]H χWHVWV p! ZH VKRZ WKH
DYHUDJHGVSDWLDOIUHTXHQF\SUHIHUHQFHIRUWKHWKUHHJUDWLQJFODVVHVVHH)LJ
)LJXUH
)RUK\SHUEROLFJUDWLQJVZHREVHUYHGDEURDGGLVWULEXWLRQVXJJHVWLQJ WKDW VSDWLDO IUHTXHQF\
VHOHFWLYLW\WHQGHGWRYDU\XQLIRUPO\DFURVVWKHWHVWHGVSDWLDOIUHTXHQF\UDQJH2QWKHRWKHU
KDQGWKHGLVWULEXWLRQIRU&DUWHVLDQJUDWLQJVSHDNHGDWKLJKVSDWLDOIUHTXHQF\IRUERWK9DQG
9  6LQFH WKH VWLPXOL ZHUH DGDSWHG WR WKH P5) GLDPHWHU WKHVH YDOXHV FRUUHVSRQG WR 
F\FOHV5)GLDPHWHULHF\FOHVLQ9DQGF\FOHVLQ9)RUSRODUJUDWLQJVWKH
VSDWLDOIUHTXHQF\SUHIHUHQFHGLVWULEXWLRQSHDNVKLIWHGVLJQLILFDQWO\IURPPLGIUHTXHQF\LQ9
WRKLJKIUHTXHQF\LQ9χWHVWp
7R LOOXVWUDWH WKH LPSDFW RI VSDWLDO IUHTXHQF\ sf RQ VWLPXOXV VHOHFWLYLW\ZH UHDQDO\]HG WKH
GDWDSUHVHQWHGLQ)LJLQRUGHUWRHVWLPDWH66,VHSDUDWHO\IRUHDFKRIWKHVSDWLDOIUHTXHQFLHV
7KHVHLQGH[YDOXHVDUHVKRZQDYHUDJHGDFURVVVWLPXOXVVL]H LQ)LJ$IRUVSLNLQJDFWLYLW\
DQG)LJ%IRU9(3
)LJXUH
%DVHGRQDZD\$129$ZLWK IDFWRUVRIJUDWLQJFODVV VSDWLDO IUHTXHQF\DQG99ZH
FRQFOXGH WKDW IRU SRODU JUDWLQJV 66, YDOXHV LQFUHDVHG IURP 9 WR 9 IRU KLJK VSDWLDO
IUHTXHQF\RQO\post-hocWHVWp7KHRYHUDOOHOHYDWLRQRIVWLPXOXVVHOHFWLYLW\IRUSRODU
JUDWLQJV LQ9GHVFULEHGDERYH LV WKXVGXH WR HQKDQFHG VHOHFWLYLW\RI9QHXURQV IRUKLJK
VSDWLDO IUHTXHQF\SRODUJUDWLQJV )RU&DUWHVLDQJUDWLQJV DOWKRXJKRYHUDOOQHXUDO VHOHFWLYLW\
ZDV XQFKDQJHG LQ9 DQG99 QHXURQVZHUHPRUH VHOHFWLYH IRU ORZ VSDWLDO IUHTXHQF\
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&DUWHVLDQ JUDWLQJV WKDQ9 QHXURQV post-hoc WHVWp  7KH VHOHFWLYLW\ HQKDQFHPHQWV
IURP9DQG9IRU&DUWHVLDQDQGSRODUJUDWLQJVWKXVRFFXUUHGDWRSSRVLWHHQGVRIWKHVSDWLDO
IUHTXHQF\UDQJH WKDWZH WHVWHG  ,Q WHUPVRI WKH9(3VKRZQLQ)LJ%DZD\$129$
ZLWKpost-hocWHVWVUHYHDOHGVLJQLILFDQWGLIIHUHQFHVEHWZHHQ9DQG9RQO\IRUKLJKVSDWLDO
IUHTXHQF\&DUWHVLDQJUDWLQJVpost-hocWHVWp
/DPLQDUGLIIHUHQFHVQHXUDOWXQLQJFKDUDFWHULVWLFV
([DPLQLQJ KRZ WKH HIIHFWV UHSRUWHG DERYH GHSHQGHG RQ FRUWLFDO OD\HUZH UHSRUW KHUH WZR
VLJQLILFDQWREVHUYDWLRQV7KHHQKDQFHGVWUXFWXUHVHOHFWLYLW\LQGH[66,YDOXHVIRU&DUWHVLDQ
JUDWLQJVZDVPRUHSURQRXQFHGLQVXSUDJUDQXODUOD\HUVFRPSDUHGWRSRODUt 
p DQG K\SHUEROLF  t p JUDWLQJV WKDQ LQ JUDQXODU OD\HU SRODU
t pK\SHUEROLFt p,QUHODWLRQWRFRQWH[WXDO
PRGXODWLRQREVHUYHGIRU&DUWHVLDQJUDWLQJVLQ9ZHIRXQGWKDWIRUVWLPXOXVVL]HZKLFK
LQFOXGHV VWLPXODWLRQ RI WKH QHDU UHFHSWLYH ILHOG VXUURXQG 66, YDOXHV ZHUH KLJKHU LQ ERWK
VXSUD DQG LQIUDJUDQXODU OD\HUV WKDQ LQ WKH JUDQXODU OD\HU pZKLOH WKLVZDV QRW WKH
FDVHDWVWLPXOXVVL]HZKHUHYLVXDOVWLPXODWLRQLVUHVWULFWHGWRWKH5)FHQWHU%RWKRIWKHVH
ILQGLQJVDUHHYLGHQFHIRUWKHLPSRUWDQFHRIWKHFRUWLFDOHODERUDWLRQRISDWWHUQVHOHFWLYLW\WKDW
RFFXUVEHWZHHQJUDQXODUDQGVXSUDJUDQXODUOD\HUVLQWUHHVKUHZ9&KLVXPHWDO9HLW
HWDO
+\SHUEROLFJUDWLQJV\LHOGEHVWUHFRQVWUXFWLRQRIUHFHSWLYHILHOGVXEILHOGVWUXFWXUH
5HFHSWLYH ILHOG UHFRQVWUXFWLRQV XVLQJ WKH VSDUVH QRLVH VWLPXOXV DUH FRPPRQO\ XVHG WR
HVWLPDWH VSDWLDO UHFHSWLYH ILHOG FKDUDFWHULVWLFV LQ 9 LQ UHFRQVWUXFWLRQV WKDW i UHFRYHU WKH
OLQHDU FRPSRQHQW RI WKH UHFHSWLYH ILHOG DQG ii HPSKDVL]H WKDODPRFRUWLFDO LQSXWV WR WKH
FRUWH[  6LQFH HDFK RI WKH JUDWLQJ FODVVHV LQ WKLV VWXG\ DOVR IRUP RUWKRJRQDO VWLPXOXV
HQVHPEOHVWKH\FDQDOVREHXVHGWRUHFRQVWUXFWJUDWLQJFODVVGHSHQGHQWUHFHSWLYHILHOGV,I
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WUHH VKUHZ 9 ZHUH D FRPSOHWHO\ OLQHDU V\VWHP DOO RI WKHVH UHFRQVWUXFWLRQV VKRXOG EH
LGHQWLFDO DQG LQ SDUWLFXODU WKH VDPH DV WKH VSDUVH QRLVH EDVHG UHFHSWLYH ILHOG 2XU UHVXOWV
KRZHYHU VKRZ WKDW 5) PDSV FRQVWUXFWHG IURP GLIIHUHQW JUDWLQJ FODVVHV WHQGHG WR GHSHQG
VWURQJO\ RQJUDWLQJ FODVV DV VKRZQ IRU WKUHH H[DPSOH QHXURQV LQ)LJ$ 5HFRQVWUXFWLRQV
XVLQJ &DUWHVLDQ JUDWLQJV RIWHQ FRQWDLQHG HORQJDWHG SDWFKHVZLWK DGMDFHQW RSSRVLWH SRODULW\
UHJLRQV OHIW FROXPQ K\SHUEROLF UHFRQVWUXFWLRQV WHQGHG WR FRQWDLQ FLUFXODUO\ V\PPHWULF
VWUXFWXUH FHQWHU FROXPQ ZKLOH SRODU UHFRQVWUXFWLRQV IUHTXHQWO\ LQFOXGHG UDGLDO VZLUOOLNH
VWUXFWXUHZLWK RQH RUPRUH D[HV RI V\PPHWU\ ULJKW FROXPQ :H HPSOR\HG WKH UHFHSWLYH
ILHOGVLPLODULW\5)6LQGH[<HKHWDOEWRTXDQWLI\KRZVLPLODUWKHJUDWLQJFODVV5)
PDSVZHUH WR WKHVSDUVHQRLVH5)PDS 5)6GLVWULEXWLRQVDWîP5))LJ%GHPRQVWUDWH
WKDW5)6GHSHQGHGVWURQJO\RQJUDWLQJFODVV LQ9pIRUFODVVDVPDLQIDFWRUPHDQ
DQG6(0YDOXHVDQGIRU&DUWHVLDQK\SHUEROLFDQGSRODU
JUDWLQJFODVVHVUHVSHFWLYHO\EXWQRW9p!:KLOHUHFRQVWUXFWLRQVEDVHGRQK\SHUEROLF
JUDWLQJV SURYLGHG WKH FORVHVW DSSUR[LPDWLRQ WR WKH VSDUVH QRLVHP5)PDSV &DUWHVLDQ DQG
SRODU EDVHG 5) UHFRQVWUXFWLRQV H[KLELWHG VXEVWDQWLDO GLVVLPLODULWLHV WR WKH VSDUVH QRLVH
UHFRQVWUXFWLRQVZKLFKLVHYLGHQFHIRUUHFUXLWPHQWRIQRQOLQHDUUHFHSWLYHILHOGFRQWULEXWLRQV
E\ WKHVH WZR JUDWLQJ FODVVHV LQ WUHH VKUHZ 9  $ WULSOHD[LV SORW GLVSOD\LQJ UHODWLYH
GLIIHUHQFHVRI5)6YDOXHVIRUWKHWKUHHJUDWLQJFODVVHV)LJ&VXJJHVWVWKDWERWK9DQG9
SRSXODWLRQV WHQG WR KDYH KLJKHU 5)6 YDOXHV IRU K\SHUEROLF PDSV χWHVW IRU HTXDOLW\ RI
SURSRUWLRQV pWKDQWKHRWKHUWZRJUDWLQJFODVVHV
)LJXUH
 
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'LVFXVVLRQ
2XUVWXG\SURYLGHVDGHWDLOHGLQYHVWLJDWLRQRIQHXUDOUHVSRQVHVLQWKHWUHHVKUHZHDUO\YLVXDO
FRUWLFDO DUHDV 9 DQG 9 WR D VHW RI SDUDPHWULFDOO\ JHQHUDWHG YLVXDO SDWWHUQV LQFOXGLQJ
&DUWHVLDQ SDUDOOHO JUDWLQJV DV ZHOO DV SRODU DQG K\SHUEROLF JUDWLQJV WZR JUDWLQJ FODVVHV
H[KLELWLQJFLUFXODUDQGRUUDGLDOV\PPHWU\7KLVVWLPXOXVVHWSHUPLWVXVWRDQDO\]HVHSDUDWHO\
WKHHIIHFWVRIVWLPXOXVVHOHFWLYLW\DQGLPDJHSRODULW\RQHDUO\YLVXDOFRUWLFDOUHVSRQVHVZLWKLQ
HDFKRIWKHJUDWLQJFODVVHV
:H IRXQG WKDW WUHH VKUHZ HDUO\ YLVXDO FRUWH[ LV UHVSRQVLYH WR DOO RI WKH JUDWLQJ FODVVHV DQ
REVHUYDWLRQ WKDWPDWFKHV SUHYLRXV ILQGLQJV REWDLQHG LQ WKHPDFDTXHPRQNH\ 'DYLG HW DO
'DYLGHWDO*DOODQWHWDO*DOODQWHWDO+HJGHDQG9DQ(VVHQ
0DKRQ DQG 'H 9DORLV  9LFWRU HW DO   7KLV VXJJHVWV WKDW LQ DGGLWLRQ WR
RULHQWDWLRQ VHOHFWLYLW\ WKDW LV HVWLPDWHG XVLQJ &DUWHVLDQ JUDWLQJV WKHVH FRUWLFDO DUHDV DOVR
HQFRGHLQIRUPDWLRQDERXWRWKHUYLVXDOHOHPHQWVVXFKDVFXUYHGHGJHVRUFLUFXODUVWUXFWXUH,Q
9ZHREVHUYHGWKDWRYHUDOOQHXUDOVHOHFWLYLW\ZDVJUHDWHUIRU&DUWHVLDQWKDQERWKSRODUDQG
K\SHUEROLF JUDWLQJV  7KHVH ILQGLQJV DUH FRQVLVWHQW ZLWK WKH ZHOOHVWDEOLVKHG KDOOPDUN RI
RULHQWDWLRQ VHOHFWLYLW\ LQ9 DVZHOO DVZLWK SUHYLRXV UHVXOWV LQ WKHPDFDTXH LQ SDUWLFXODU
UHODWLQJ WR WKHSUHIHUHQFH IRU&DUWHVLDQJUDWLQJV DVZHOO DV DZHDN HQFRGLQJRIK\SHUEROLF
JUDWLQJV +HJGH DQG9DQ (VVHQ 0DKRQ DQG'H9DORLV  EXW VHH 9LFWRU HW DO
,Q9ZHIRXQGVLPLODUOHYHOVRIVWLPXOXVVHOHFWLYLW\DVLQ9IRU&DUWHVLDQJUDWLQJV
EXWDVWURQJHQKDQFHPHQWIRUSRODUJUDWLQJV ,QGHHG WUHHVKUHZ9ZDVVLPLODUO\VHOHFWLYH
IRU SRODU DQG &DUWHVLDQ JUDWLQJV LQ D PDQQHU WKDW ZDV PRUH SURQRXQFHG WKDQ SUHYLRXV
ILQGLQJV LQ PDFDTXH +HJGH DQG 9DQ (VVHQ 0DKRQ DQG 'H 9DORLV   7KLV LV
FRQVLVWHQW ZLWK WKH JHQHUDO QRWLRQ RI UHILQHPHQW DQG GLYHUVLILFDWLRQ RI VWLPXOXV
UHSUHVHQWDWLRQVIRUKLJKHUOHYHOVRIWKHYLVXDOSURFHVVLQJKLHUDUFK\8VLQJ5)UHFRQVWUXFWLRQV
IRUHDFKJUDWLQJFODVVZHZHUHDEOHWRVKRZWKDWK\SHUEROLFJUDWLQJ5)VFORVHO\UHVHPEOHG
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VSDUVHQRLVHJHQHUDWHG5)VZKLFKZDVQRW WKHFDVHIRU&DUWHVLDQDQGSRODUJUDWLQJFODVVHV
:H VXJJHVW WKDW WKLV GLIIHUHQFH LV UHODWHG WR PRUH SURQRXQFHG QRQOLQHDU FRUWLFDO VLJQDO
SURFHVVLQJ IRU &DUWHVLDQ DQG SRODU WKDQ K\SHUEROLF JUDWLQJ FODVVHV  'HVSLWH WKH IDFW WKDW
YLVXDOVWLPXOLRIWKHWKUHHJUDWLQJFODVVHVVSDQQHGWKHVDPHDUHDRIYLVXDOVSDFHLHîî
DQGîWRPLQLPXPUHVSRQVHILHOGWKHVSDWLDOVWUXFWXUHRI&DUWHVLDQDQGSRODUVWLPXOLUHVXOWV
LQ D JUHDWHU GHJUHH RI LQWUDFRUWLFDO HODERUDWLRQ RI QHXUDO DFWLYDWLRQV WKDQ LV WKH FDVH IRU
K\SHUEROLFJUDWLQJV
2XUVWLPXOXVVHWDOORZHGXVWRH[DPLQHWKHLPSDFWRIVSDWLDOIUHTXHQF\RQQHXUDOVHOHFWLYLW\
:KLOH WKH VSDWLDO IUHTXHQF\ SDUDPHWHU FRUUHVSRQGV WR D VLQJOH )RXULHU GHFRPSRVLWLRQ
IUHTXHQF\ IRU &DUWHVLDQ JUDWLQJV WKLV LV QRW WKH FDVH IRU QRQFRQYHQWLRQDO JUDWLQJV ZKHUH
PXOWLSOH)RXULHUFRPSRQHQWVDUHDIIHFWHG1HYHUWKHOHVVVWLPXOLFDQEHXVHIXOO\JURXSHGE\
VSDWLDO IUHTXHQF\FRPSDUH)LJ )RU&DUWHVLDQJUDWLQJV WKHUHZDVQRRYHUDOO LQFUHDVHRI
QHXUDO VWLPXOXV VHOHFWLYLW\ IURP9 WR9 VLQFH ERWK DUHDV H[KLELWHG VLPLODU ௅ DQG KLJK ௅
VHOHFWLYLW\IRUKLJKIUHTXHQF\JUDWLQJV1HXUDOVHOHFWLYLW\GLGKRZHYHUVLJQLILFDQWO\LQFUHDVH
DW ORZVSDWLDO IUHTXHQF\FRQVLVWHQWZLWKFRUWLFDO UHILQHPHQWRIYLVXDOUHSUHVHQWDWLRQV 7KLV
ILQGLQJ LV RI FRPSDUDWLYH LQWHUHVW EHFDXVH VLQJOH QHXURQV LQ WKH URGHQW H[WUDVWULDWH YLVXDO
FRUWH[ DOVR H[KLELW HQKDQFHG VHOHFWLYLW\ IRU &DUWHVLDQ JUDWLQJV 9HUPDHUFNH HW DO 
ZKHUHDVLQWKHPDFDTXHKLJKHUDUHDVRIWKHYHQWUDOVWUHDPWHQGWRUHVSRQGOLWWOHWR&DUWHVLDQ
JUDWLQJV9RJHOVDQG2UEDQ )RUSRODUJUDWLQJVDVLPLODUHQKDQFHPHQWRIVHOHFWLYLW\
ZDV HYLGHQW ZKLFK ZDV VLJQLILFDQW DW KLJK VSDWLDO IUHTXHQF\ VXJJHVWLQJ WKDW WKH RYHUDOO
HQKDQFHGVWLPXOXVVHOHFWLYLW\IRUSRODUJUDWLQJVLQ9PRVWO\VWHPVIURPQHXUDOUHVSRQVHVDW
KLJKVSDWLDOIUHTXHQFLHV7KLVLVFRQVLVWHQWZLWKWKHREVHUYHGVKLIWLQQHXUDOPHDQILULQJUDWH
SUHIHUHQFHIURPPLGWRKLJKVSDWLDOIUHTXHQF\EHWZHHQ9DQG99QHXURQVWKXVH[WHQG
WKHLU VHOHFWLYLW\ WR &DUWHVLDQ DQG SRODU JUDWLQJV DW RSSRVLWH HQGV RI WKH VSDWLDO IUHTXHQF\
VSHFWUXP WKDWZH WHVWHG VXJJHVWLQJ WKDWQHXUDOFRGLQJHQKDQFHPHQWRQ9 LVQRW VLPSO\D
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FRQVHTXHQFHRIDOWHUHGVSDWLDO IUHTXHQF\VHQVLWLYLW\ 7KHHPHUJHQWVHOHFWLYLW\ LQ9PLJKW
VHUYH IRU H[WUDFWLRQ RI OLQHDU DV ZHOO DV FXUYHG RU FRQFHQWULF ERUGHUV LQ WKH YLVXDO
HQYLURQPHQW DVZHOO DV FRQWULEXWLQJ WR ILJXUHJURXQG VHJUHJDWLRQ 4LX DQG YRQ GHU+H\GW
YRQGHU+H\GWHWDO
:HIRXQGWKDW9QHXURQVZHUHSDUWLFXODUO\VHQVLWLYHWRWKHSRODULW\RIK\SHUEROLFJUDWLQJV
ZKHQ WKHVH ZHUH SUHVHQWHG ZLWKLQ WKH PLQLPXP UHVSRQVH ILHOG P5) RI WKH QHXURQ
FRPSDUHGWRRWKHUVWLPXOXVVL]HVDQGJUDWLQJFODVVHV3RODULW\VHQVLWLYLW\LVUHODWHGWRSKDVH
VHQVLWLYLW\ZKLFKKDVEHHQH[WHQVLYHO\VWXGLHGLQUHVSRQVHWR&DUWHVLDQJUDWLQJV&KHQHWDO
&ORKHUW\ DQG ,EERWVRQ  &URZGHU HW DO +LHWDQHQ HW DO 9LFWRU DQG
3XUSXUD;XHWDODQGLVWKRXJKWWRDULVHGXHWRWZRGLVWLQFWPHFKDQLVPVWKDWDUH
HYLGHQW WR GLIIHUHQW GHJUHHV LQ GLIIHUHQW PDPPDOLDQ VSHFLHV  ,Q WKH FDW SKDVH VHQVLWLYLW\
UHVXOWVPDLQO\IURPVXEILHOGVHJUHJDWLRQRIEULJKWDQGGDUNUHVSRQVLYHSDWFKHV0DUWLQH]HW
DO,QWKHWUHHVKUHZSKDVHVHQVLWLYLW\DULVHVPRVWO\GXHWRDSURQRXQFHGGRPLQDQFH
RIQHXUDOUHVSRQVHVWRGDUNSDWFKHV9DQ+RRVHUHWDO9HLWHWDO%RWKVXEILHOG
VHJUHJDWLRQDQGGDUNGRPLQDQFHDUHFORVHO\UHODWHGWRWKHRUJDQL]DWLRQRI9WKDODPRFRUWLFDO
LQSXWVZKLFKPD\ HVVHQWLDOO\ JHQHUDWH WKHPLQLPXP UHVSRQVH ILHOG P5) RI9 QHXURQV
EXWVHHDOVR&KLVXPDQG)LW]SDWULFN0RRVHUHWDO:HWKXVK\SRWKHVL]HGWKDW
WKH SRODULW\ VHQVLWLYLW\ IRU K\SHUEROLF JUDWLQJV PLJKW UHVXOW IURP D FORVH FRUUHVSRQGHQFH
EHWZHHQWKHP5)VXEVWUXFWXUHDQGWKHVHJUDWLQJVWLPXOL7KLVZDVLQGHHGWKHFDVHVXFKWKDW
5) UHFRQVWUXFWLRQV XVLQJ K\SHUEROLF JUDWLQJV SURYLGHG WKH EHVW DSSUR[LPDWLRQ RI21 DQG
2))VXEILHOGVHVWLPDWHGXVLQJVSDUVHQRLVH7KLVVXJJHVWVWKDWK\SHUEROLFJUDWLQJVVLPLODU
WRVSDUVHQRLVHWHQGWRDFWLYDWHPRVWO\WKDODPRFRUWLFDOLQSXWVWR9DQGWKHVHVLJQDOVDUHQRW
VWURQJO\HODERUDWHGLQWKHFRUWH[LQFRQWUDVWWR&DUWHVLDQDQGDOVRSRODUJUDWLQJV&RQVLVWHQW
ZLWKWKLVLVRXUILQGLQJWKDWSRODULW\VHQVLWLYLW\LVPRVWSURQRXQFHGZKHQVWLPXOLDUHFRQILQHG
WRWKHP5)ZLWKRXWVXEVWDQWLDOVWLPXODWLRQRIWKHFRQWH[WXDOVXUURXQG
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2XUVWXG\ LV WKH ILUVW WR UHSRUW WKH WXQLQJRI WKHYLVXDOHYRNHGSRWHQWLDO 9(3 WR WKH WKUHH
JUDWLQJ FODVVHV :H REVHUYHG WKDW 9(3 WXQLQJZDVPRVW UREXVW IRU &DUWHVLDQ JUDWLQJV LQ
JHQHUDO VLPLODULW\ WR VSLNLQJ UHVSRQVHV %HFDXVH WKH9(3 LV JHQHUDWHGE\ SRROHG V\QDSWLF
DFWLYLW\RIQHXURQVZLWKLQDIHZKXQGUHGPLFURQVRIWKHUHFRUGLQJVLWH.DW]QHUHWDO
5DLQHU  ;LQJ HW DO  ZH FRQVLGHU WKLV VLPLODU WXQLQJ WR UHVXOW IURP FROXPQDU
RUJDQL]DWLRQ IRU RULHQWDWLRQ WKDW LV SUHVHQW LQ WUHH VKUHZ9ZKLFK KDV D VSDWLDO H[WHQW RI
DERXWP%RVNLQJHWDO+XDQJHWDO0RRVHUHWDO&RQVLVWHQWZLWK
WKHK\SRWKHVLVLVRXUILQGLQJWKDW9(3VHOHFWLYLW\GHFUHDVHVIURP9WR9LQOLQHZLWKWKH
IDFW WKDW RULHQWDWLRQ FROXPQV LQ 9 WHQG WR EH ODUJHU DQG OHVV KRPRJHQRXV WKDQ LQ 9
0F/RXJKOLQ DQG 6FKLHVVO   1RWDEO\ GHVSLWH WKHVH VLPLODULWLHV EHWZHHQ VSLNLQJ DQG
9(3WKHUHDUHDOVRVHYHUDOGLIIHUHQFHVLQWXQLQJSURSHUWLHVEHWZHHQWKHVHVLJQDOVLQ9DQG
9ZKHQJUDWLQJVSDWLDOIUHTXHQF\LVFRQVLGHUHG$WKLJKVSDWLDOIUHTXHQF\&DUWHVLDQJUDWLQJ
VSLNLQJVHOHFWLYLW\ZDVVLPLODULQ9DQG9EXW99(3VZHUHUHGXFHGFRPSDUHGWR9DQG
VLPLODUO\VSLNLQJVHOHFWLYLW\IRUSRODUJUDWLQJVZDVHQKDQFHGLQ9FRPSDUHGWR9ZKLOHWKH
9(3ZDV QRW GLIIHUHQW  7KHVH GLIIHUHQFHV VXJJHVW WKDW99(3V OHVV IDLWKIXOO\ UHIOHFW WKH
DFWLYLW\RIWKHXQGHUO\LQJQHXURQDOSRSXODWLRQWKDQLVWKHFDVHLQ9
2XU VWXG\ LV WKH ILUVW WR UHSRUW GHWDLOHG LQIRUPDWLRQ RQ FRQWH[WXDO PRGXODWLRQ LQ WKH WUHH
VKUHZ HDUO\ YLVXDO FRUWH[ XVLQJ D FRPSUHKHQVLYH VHW RI WZRGLPHQVLRQDO SDWWHUQHG JUDWLQJ
VWLPXOL 7UHHVKUHZ9GLVSOD\VDKLJK LQFLGHQFHRI OHQJWKVXPPDWLRQZKHQVWXGLHGXVLQJ
HORQJDWHGEDUV&KLVXPDQG)LW]SDWULFN&KLVXPHWDOVXFKWKDWWKHVHQHXURQV
WHQGWRVKRZOLWWOHHQGVWRSSLQJEXWUDWKHUILULQJUDWHVFRQWLQXHWRLQFUHDVHZLWKWKHOHQJWKRI
WKHHORQJDWHGEDU2XUILQGLQJWKDWVWLPXODWLRQRIWKHUHFHSWLYHILHOGVXUURXQGHQKDQFHPHQW
RXWZHLJKHG VXSSUHVVLRQ LQ UHVSRQVH WR&DUWHVLDQ JUDWLQJV LV FRQVLVWHQWZLWK WKHVH SUHYLRXV
ILQGLQJV  ,PSRUWDQWO\ WKH HQKDQFHPHQW LQ QHXUDO DFWLYLW\ E\ VXUURXQG VWLPXODWLRQ ZDV
DFFRPSDQLHG E\ DQ LQFUHDVH LQ VWLPXOXV VHOHFWLYLW\ ZKLFK ZDV QRW REVHUYHG LQ D UHFHQW
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H[SHULPHQWXVLQJRSWRJHQHWLFDFWLYDWLRQRILVRRULHQWDWLRQGRPDLQVLQWUHHVKUHZ9+XDQJ
HW DO  7KH UHVWULFWHG DFWLYDWLRQ WR VXSUDJUDQXODU OD\HUVRU RWKHUGLIIHUHQFHVEHWZHHQ
RSWRJHQHWLF DFWLYDWLRQ DQG YLVXDOO\ HYRNHG QHXUDO DFWLYLW\ VXFK DV WKH DEVHQFH RI QHXUDO
PRGXODWLRQ RI FRUWLFDO DFWLYLW\ IRU QRQSUHIHUUHG FROXPQV PD\ H[SODLQ WKHVH GLYHUJHQW
UHVXOWV  7KH DEVHQFH RI DFWLYLW\ HQKDQFHPHQW IRU SRODU DQG K\SHUEROLF JUDWLQJ FRQGLWLRQV
FHUWDLQO\ HPSKDVL]HV WKDW WKH HQKDQFHG 9 DFWLYLW\ DQG VHOHFWLYLW\ LV KLJKO\ VSHFLILF IRU
HORQJDWHGEDURUJUDWLQJVWUXFWXUHVDQGGRHVQRWRFFXUIRURWKHUNLQGVRIVXUURXQGDFWLYDWLRQ
7KH GRPLQDQFH RI VXUURXQG HQKDQFHPHQW LQ WUHH VKUHZ9 FDQ EH GLUHFWO\ FRPSDUHGZLWK
VWXGLHV LQRWKHUPDPPDOLDQVSHFLHV WKDWKDYHHPSOR\HG&DUWHVLDQJUDWLQJVZKHUHVXUURXQG
VXSSUHVVLRQGRPLQDWHVFRQWH[WXDOHIIHFWVSDUWLFXODUO\LQWKHPRQNH\DQGFDWZLWKSUHYDOHQFH
UDQJHVIURPWR&DYDQDXJKHWDO*LHVHOPDQQDQG7KLHOH6FHQLDNHWDO
DQGWR/LXHWDO6RQJDQG/L:DONHUHWDOUHVSHFWLYHO\
:LWKUHVSHFW WRVXUURXQGVXSSUHVVLRQ WUHHVKUHZ9PD\LQIDFWEHPRUHVLPLODU WRPRXVH
9ZKHUHRQHVWXG\KDVUHSRUWHGRQO\RIQHXURQVUREXVWO\VXSSUHVVHG9DQGHQ%HUJK
HWDOVLPLODUWRWKHVXSSUHVVLRQZHREVHUYHGLQWKHSUHVHQWVWXG\+RZHYHUQRWH
WKDWRWKHUZRUNLQWKHPRXVHKDVUHSRUWHGDKLJKHULQFLGHQFHRIVXUURXQGVXSSUHVVLRQWKDWLV
PRUHLQOLQHZLWKWKHVSHFLHVPHQWLRQHGDERYHZLWKWKHGLVFUHSDQF\SRVVLEO\UHVXOWLQJIURP
HIIHFWVUHODWHGWREHKDYLRUDOVWDWHRUGHSWKRIDQHVWKHVLD6HOIHWDO9DLFHOLXQDLWHHWDO
  :KLOH VXUURXQG VXSSUHVVLRQ KDV EHHQ DVVRFLDWHG ZLWK VHYHUDO IXQFWLRQDO EHQHILWV
LQFOXGLQJ RSWLPL]DWLRQ RI LQIRUPDWLRQ WUDQVPLVVLRQ DQG VKDUSHQLQJ RI QHXUDO VHOHFWLYLW\
+DOOXP DQG 0RYVKRQ  2NDPRWR HW DO  2VDNL HW DO  9LQMH DQG *DOODQW
  WKH EHQHILWV RI DQ H[FLWDWRU\ VXUURXQG DUH OHVV REYLRXV  :H VSHFXODWH WKDW WKH
FRQWH[WXDOPRGXODWLRQREVHUYHGLQWUHHVKUHZ9LVRSWLPL]HGIRUWKHGHWHFWLRQRIFROOLQHDU
HORQJDWHG VWUXFWXUHV ZKLFK PD\ EH XVHIXO IRU QDYLJDWLRQ LQ WKLV SDUWLFXODUO\ IDVWPRYLQJ
PDPPDO(PPRQV
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$FNQRZOHGJPHQWV
7KLV ZRUN ZDV VXSSRUWHG E\ WKH 6ZLVV 1DWLRQDO 6FLHQFH )RXQGDWLRQ 616) JUDQW
$BDQGWKH616)JUDQW3')03BB
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5HIHUHQFHV
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DUUDQJHPHQWRIKRUL]RQWDOFRQQHFWLRQVLQ WUHHVKUHZVWULDWHFRUWH[Journal of Neuroscience 

%UDLQDUG'+7KH3V\FKRSK\VLFV7RROER[Spatial vision 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&DYDQDXJK-5%DLU:DQG0RYVKRQ-$ 6HOHFWLYLW\ DQG VSDWLDO GLVWULEXWLRQRI VLJQDOV
IURP WKH UHFHSWLYH ILHOG VXUURXQG LQPDFDTXH9QHXURQVJournal of Neurophysiology 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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&KLVXP+-DQG)LW]SDWULFN'7KHFRQWULEXWLRQRIYHUWLFDODQGKRUL]RQWDOFRQQHFWLRQVWR
WKHUHFHSWLYHILHOGFHQWHUDQGVXUURXQGLQ9Neural Netw 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&KLVXP+-0RRVHU)DQG)LW]SDWULFN'(PHUJHQWSURSHUWLHVRIOD\HUQHXURQVUHIOHFW
WKHFROOLQHDU DUUDQJHPHQWRIKRUL]RQWDO FRQQHFWLRQV LQ WUHH VKUHZYLVXDO FRUWH[J Neurosci 

&ORKHUW\6/DQG,EERWVRQ05&RQWUDVWGHSHQGHQWSKDVHVHQVLWLYLW\LQ9EXWQRW9RI
PDFDTXHYLVXDOFRUWH[Journal of Neurophysiology 
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&URZGHU 1$ YDQ .OHHI - 'UHKHU % DQG ,EERWVRQ05 &RPSOH[ FHOOV LQFUHDVH WKHLU
SKDVH VHQVLWLYLW\ DW ORZFRQWUDVWV DQG IROORZLQJDGDSWDWLRQJ Neurophysiol 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'DYLG69+D\GHQ%<DQG*DOODQW-/6SHFWUDO UHFHSWLYH ILHOGSURSHUWLHV H[SODLQ VKDSH
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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
(PPRQV/+Tupai: A field study of Bornean Treeshrews/RQGRQ8QLYHUVLW\RI&DOLIRUQLD
3UHVV
)DQ<+XDQJ=<&DR&&&KHQ&6&KHQ<;)DQ''+H-+RX+/+X/+X;7
-LDQJ;7/DL5/DQJ<6/LDQJ%/LDR6*0X'0D<<1LX<<6XQ;4;LD-4
;LDR-;LRQJ=4;X/<DQJ/=KDQJ<=KDR:=KDR;'=KHQJ<7=KRX-0
=KX<% =KDQJ*-:DQJ - DQG<DR<**HQRPH RI WKH&KLQHVH WUHH VKUHZNature 
Communications 
)LW]SDWULFN'7KHIXQFWLRQDORUJDQL]DWLRQRIORFDOFLUFXLWVLQYLVXDOFRUWH[LQVLJKWVIURPWKH
VWXG\RIWUHHVKUHZVWULDWHFRUWH[Cereb Cortex 
)UHHPDQ-=LHPED&0+HHJHU'-6LPRQFHOOL(3DQG0RYVKRQ$$IXQFWLRQDODQG
SHUFHSWXDOVLJQDWXUHRIWKHVHFRQGYLVXDODUHDLQSULPDWHVNature Neuroscience 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
*DOODQW-/%UDXQ-DQG9DQHVVHQ'& 6HOHFWLYLW\ IRU3RODU+\SHUEROLF DQG&DUWHVLDQ
*UDWLQJVLQ0DFDTXH9LVXDO&RUWH[Science 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*DOODQW-/&RQQRU&(5DNVKLW6/HZLV-:DQG9DQ(VVHQ'&1HXUDOUHVSRQVHVWR
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
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VHQVLWLYLW\RIFRPSOH[FHOOVLQSULPDU\YLVXDOFRUWH[Neuroscience 
+ROP6$6LPSOH6HTXHQWLDOO\5HMHFWLYH0XOWLSOH7HVW3URFHGXUHScand J Stat 

+XDQJ ;< (O\DGD <0 %RVNLQJ :+ :DONHU 7 DQG )LW]SDWULFN ' 2SWRJHQHWLF
$VVHVVPHQWRI+RUL]RQWDO,QWHUDFWLRQVLQ3ULPDU\9LVXDO&RUWH[Journal of Neuroscience 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
.DJDQ,*XU0DQG6QRGGHUO\'06SDWLDORUJDQL]DWLRQRIUHFHSWLYHILHOGVRI9QHXURQV
RI DOHUW PRQNH\V FRPSDULVRQ ZLWK UHVSRQVHV WR JUDWLQJV J Neurophysiol  

.DW]QHU61DXKDXV,%HQXFFL$%RQLQ95LQJDFK'/DQG&DUDQGLQL0/RFDORULJLQ
RIILHOGSRWHQWLDOVLQYLVXDOFRUWH[Neuron 
.OHLQHU0%UDLQDUG'DQG3HOOL':KDW
VQHZLQ3V\FKWRROER["Perception 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/LHEH6/RJRWKHWLV1.DQG5DLQHU*'LVVRFLDEOHHIIHFWVRIQDWXUDOLPDJHVWUXFWXUHDQG
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/LX - DQG1HZVRPH:7 /RFDO ILHOG SRWHQWLDO LQ FRUWLFDO DUHD07 6WLPXOXV WXQLQJ DQG
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FHOOVVisual Neurosci 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0F/RXJKOLQ1DQG6FKLHVVO,2ULHQWDWLRQVHOHFWLYLW\LQWKHFRPPRQPDUPRVHW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0RQRVRY,(7UDJHVHU-&DQG7KRPSVRQ.*0HDVXUHPHQWVRIVLPXOWDQHRXVO\UHFRUGHG
VSLNLQJDFWLYLW\DQGORFDOILHOGSRWHQWLDOVVXJJHVWWKDWVSDWLDOVHOHFWLRQHPHUJHVLQWKHIURQWDO
H\HILHOGNeuron 
0RRVHU)%RVNLQJ:+DQG)LW]SDWULFN'$PRUSKRORJLFDOEDVLVIRURULHQWDWLRQWXQLQJLQ
SULPDU\YLVXDOFRUWH[Nat Neurosci 
1LHOVHQ.-/RJRWKHWLV1.DQG5DLQHU*'LVVRFLDWLRQEHWZHHQORFDOILHOGSRWHQWLDOVDQG
VSLNLQJDFWLYLW\LQPDFDTXHLQIHULRUWHPSRUDOFRUWH[UHYHDOVGLDJQRVWLFLW\EDVHGHQFRGLQJRI
FRPSOH[REMHFWVJ Neurosci 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
2
/HDU\0$%ORFK-,)O\QQ--*DXGLQ7-*LDOORPEDUGR$*LDQQLQL13*ROGEHUJ
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YLVXDOFRUWH[J Neurophysiol 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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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D
<HK &, ;LQJ ':LOOLDPV 3( DQG 6KDSOH\ 50 6WLPXOXV HQVHPEOH DQG FRUWLFDO OD\HU
GHWHUPLQH9VSDWLDOUHFHSWLYHILHOGVProc Natl Acad Sci U S A E
42
ht
tp
://
do
c.
re
ro
.c
h

 
43
ht
tp
://
do
c.
re
ro
.c
h
)LJXUHFDSWLRQV
)LJXUH5HFRUGLQJVORFDWLRQDQGUHFHSWLYHILHOGVL]H6DJLWWDOKLVWRORJLFDOVHFWLRQVRIWUHH
VKUHZ¶VOHIWEUDLQKHPLVSKHUH9LVFKDUDFWHUL]HGE\KLJKHUGHQVLW\RIFHOOVLQOD\HU,9WKDQ
LQ9DVUHYHDOHGE\1LVVO$DQGF\WRFKURPHR[LGDVH%VWDLQLQJPHWKRGVGDVKHGOLQHV
PDUNOD\HU,9ERXQGDULHV3XWDWLYHERUGHUEHWZHHQ9DQG9LVPDUNHGE\DVROLGYHUWLFDO
OLQH(OHFWURO\WLFOHVLRQVDUHPDUNHGE\FLUFOHV&5HFRUGLQJVZHUHSHUIRUPHGLQDVPDOO
UHJLRQDURXQG WKH99ERUGHU LQVHW VKRZVDGRUVDOYLHZRI WKH OHIWKHPLVSKHUH DQG WKH
DSSUR[LPDWH ORFDWLRQ RI DOO UHFRUGLQJV PDUNHG E\ D UHFWDQJOH  (OHFWURGH WUDFNV ZHUH
UHFRQVWUXFWHG IURP KLVWRORJLFDO ODQGPDUNV GDUN EOXH DQG GDUN UHG IRU 9 DQG 9
UHVSHFWLYHO\RUHVWLPDWHGIURPVWHUHRWDFWLFFRRUGLQDWHVUHODWLYHWRNQRZQUHFRUGLQJORFDWLRQV
OLJKWEOXHDQGOLJKWUHGIRU9DQG9UHVSHFWLYHO\3DWKRIHOHFWURGHWUDFNVDUHSURMHFWHG
RQDKRUL]RQWDOSODQHZLWKEODFNFLUFOHVPDUNLQJWKHUHFRUGHGORFDWLRQVDORQJWKHWUDFN7KH
SRVLWLRQRIWKHERUGHUEHWZHHQ9DQG9WKDWLVWKHYHUWLFDOPHULGLDQ90LVVKRZQDVD
GDVKHG OLQH  ' 6L]H RIPLQLPXP UHVSRQVH ILHOGV P5) SORWWHG DV IXQFWLRQ RI UHFHSWLYH
ILHOG HFFHQWULFLW\  ('LVWULEXWLRQRIP5) VL]HVRI9DQG9QHXURQV&LUFOHV DQG HUURU
EDUVDUHPHGLDQILUVWDQGWKLUGTXDUWLOHVRIWKHGLVWULEXWLRQ

)LJXUH 6WLPXOXVVHWDQGH[HPSODUQHXUDO UHVSRQVHV  $7KHVWLPXOXVVHW LQFOXGHG
VWLPXOL VDPSOHG IURP  JUDWLQJ FODVVHV &DUWHVLDQ WRS +\SHUEROLF PLGGOH DQG 3RODU
ERWWRP VWLPXOL *UDWLQJV RI HDFK FODVV DUH VRUWHG RQ WZR URZVZKLFK VKRZ WKH RSSRVLWH
VWLPXOXVSRODULWLHVDQGLQJURXSVZLWKWKHVDPHVSDWLDOIUHTXHQF\VHSDUDWHGE\ZKLWHYHUWLFDO
OLQHV%7KHUHVSRQVHVRIWKUHHH[HPSODUQHXURQVWRJUDWLQJVVKRZQDWVWLPXOXVVL]HDUH
GLVSOD\HGDVVTXDUHVZKRVHVL]H LV UHODWLYH WR WKHKLJKHVW UHVSRQVHRI WKLVSDUWLFXODUQHXURQ
DFURVVDOOFRQGLWLRQVJUDWLQJFODVVDQGVWLPXOXVVL]HZKLFKLVWKH5PD[YDOXHGLVSOD\HGRQ
WKHOHIWRIHDFKSDQHO2QWKHULJKWRIHDFKSDQHOWKHVWUXFWXUHVHOHFWLYLW\LQGH[66,DQGWKH
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SRODULW\VHQVLWLYLW\LQGH[36,DUHVKRZQIRUHDFKJUDWLQJFODVV*UD\V\PEROVDWWKHWRSRI
HDFKSDQHOWULDQJOHVTXDUHDQGGLDPRQGPDUNWKHVDPHWKUHHQHXURQVLQ)LJ$DQG%

)LJXUH 'LVWULEXWLRQRI66, $DQG36,%YDOXHVIRUERWK9DQG9DUHVKRZQRQD
WULSOH D[LV SORW  ,Q WKLV JUDSK WKH IDUWKHU D SRLQW LV IURP WKH FHQWHU WKH KLJKHU WKH WXQLQJ
LQGH[IRURQHJUDWLQJFODVVRYHUWKHRWKHUV3RLQWVWKDWDUHFORVHWRWKHFHQWHUKDYHUHODWLYHO\
VLPLODU YDOXHV EXW QRW QHFHVVDULO\ ORZ  )RU DEVROXWH YDOXHV RI 66, DQG 36, VHH )LJ
&RQFHQWULFSDUDOOHOVPDUNWKHDQGGLIIHUHQFHLQWXQLQJLQGLFHVEHWZHHQJUDWLQJ
FODVVHV7KHWKUHHJUD\V\PEROVWULDQJOHVTXDUHDQGGLDPRQGUHIHUWRWKHVDPHQHXURQVRI
)LJ%

)LJXUH$YHUDJHVWUXFWXUHVHOHFWLYLW\66,DQGSRODULW\VHQVLWLYLW\36,LQGLFHVHVWLPDWHG
E\VSLNLQJUHVSRQVHV$DQGYLVXDOO\HYRNHGSRWHQWLDOV%DUHVKRZQIRUDOOH[SHULPHQWDO
FRQGLWLRQVJUDWLQJFODVVHVDUHPDUNHGE\GLIIHUHQWFRORUVVHHOHJHQGDWWKHERWWRPVWLPXOXV
VL]HVDQGDUHGLVSOD\HGE\V\PEROVRIWKUHHGLIIHUHQWVL]HV9DQG9DUHPDUNHGE\
ILOOHGDQGHPSW\V\PEROVUHVSHFWLYHO\9HUWLFDODQGKRUL]RQWDOOLQHVDUHVWDQGDUGHUURURIWKH
PHDQIRU66,DQG36,YDOXHVUHVSHFWLYHO\

)LJXUH(IIHFWRIVXUURXQGDFWLYDWLRQ6SLNLQJUHVSRQVHVIRU&DUWHVLDQJUDWLQJVDWVWLPXOXV
VL]H  DQG  DUH VKRZQ IRU 9 DQG 9 QHXURQV  )LOOHG V\PEROV PDUN QHXURQV WKDW
VLJQLILFDQWO\LQFUHDVHGDERYHEODFNOLQHRUGHFUHDVHGEHORZWKHOLQHWKHLUILULQJUDWHZKHQ
WKHVXUURXQGZDVFRQFXUUHQWO\DFWLYDWHGpDIWHUFRUUHFWLRQIRUPXOWLSOHFRPSDULVRQV

)LJXUH3UHIHUUHGVSDWLDOIUHTXHQF\RIHDFKJUDWLQJFODVVH[KLELWHGE\9$DQG9%
QHXURQVHVWLPDWHGRQWKHEDVLVRIVSLNLQJUHVSRQVHV
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)LJXUH(IIHFWRIVSDWLDOIUHTXHQF\YDULDWLRQVRQVWUXFWXUHVHOHFWLYLW\LQGLFHV66,3RLQWV
DUHPHDQVWDQGDUGHUURURIWKHPHDQIRU9DQG9QHXURQV

)LJXUH5HFHSWLYHILHOGVLPLODULW\5)6$5HFHSWLYHILHOGVRIWKUHHH[HPSODUQHXURQV
DUHGLVSOD\HGDIWHUUHFRQVWUXFWLRQE\UHYHUVHFRUUHODWLRQZLWKJUDWLQJVWLPXOLRIWKH&DUWHVLDQ
OHIWFROXPQK\SHUEROLFFHQWHUDQGSRODUULJKWVWLPXOL)RUHDFKQHZVWLPXOXVUHGDQG
EOXHSL[HOVDUHHTXLYDOHQWWROLJKWDQGGDUNVWLPXOXVSDWFKHV2YHUODLGHOOLSVHVVKRZWKH21
DQG2))5) VXEUHJLRQV DV HVWLPDWHGE\ VSDUVH QRLVH WHFKQLTXH 5)6YDOXHV IRU WKHVH5)
PDSV DUH VKRZQ LQ WKH ERWWRP ULJKW FRUQHU RI HDFKPDS *UD\ V\PEROVPDUN WKHVH WKUHH
H[HPSODU QHXURQV LQ )LJ&  % +LVWRJUDP RI UHFHSWLYH ILHOG VLPLODULW\ 5)6 LQGLFHV DW
VWLPXOXV VL]H îP5)  & 5)6 IRU9 DQG9 QHXURQV LV GLVSOD\HG RQ D WULSOHD[LV SORW
ZKLFKVKRZVWKHUHODWLYHGLIIHUHQFHEHWZHHQJUDWLQJFODVVHV &RQFHQWULFSDUDOOHOVPDUN WKH
DQGGLIIHUHQFHLQ5)6EHWZHHQJUDWLQJFODVVHV7KHWKUHHJUD\V\PEROVUHIHUWR
WKHWKUHHQHXURQVPDUNHGLQSDQHO$
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